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1.2.1.2.2 Transduction?du?message?chimique?en?message?électrique?
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Les différents paramètres respiratoires
Durée de la période de flairage (ms) Nombre d’inspirations dans la 
période de flairage(ms)
Durée d’une inspiration (ms)
Volume inspiratoire (ml) Volume expiratoire (ml) Débit moyen d’une inspiration 
(ml/sec)
Débit moyen d’une expiration 
(ml/sec)
Volume inspiratoire total sur la durée 
du flairage (ml)
Volume maximum inspiratoire (ml)
Volume net d’échange d’air (ml) Pic de débit maximum de 
l’inspiration (ml/sec)
Débit moyen de l’inspiration 
maximale (ml/sec)
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1.4 ?Position?du?problème?:?Impacts?des?variations?de?flairage?sur??
l’activité?du?système?olfactif?et?sur?la?discrimination?olfactive?
1.4.1 Contexte?général?
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Abstract
Background: The impact of respiratory dynamics on odor response has been poorly studied at the olfactory bulb level.
However, it has been shown that sniffing in the behaving rodent is highly dynamic and varies both in frequency and flow
rate. Bulbar odor response could vary with these sniffing parameter variations. Consequently, it is necessary to understand
how nasal airflow can modify and shape odor response at the olfactory bulb level.
Methodology and Principal Findings: To assess this question, we used a double cannulation and simulated nasal airflow
protocol on anesthetized rats to uncouple nasal airflow from animal respiration. Both mitral/tufted cell extracellular unit
activity and local field potentials (LFPs) were recorded. We found that airflow changes in the normal range were sufficient to
substantially reorganize the response of the olfactory bulb. In particular, cellular odor-evoked activities, LFP oscillations and
spike phase-locking to LFPs were strongly modified by nasal flow rate.
Conclusion: Our results indicate the importance of reconsidering the notion of odor coding as odor response at the bulbar
level is ceaselessly modified by respiratory dynamics.
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Introduction
Nasal airflow is the natural vector for odorant molecules so that
respiration and odorant sampling are indissociable. Nasal airflow
is thus a major parameter to take into consideration when studying
olfactory processing in mammals, especially because sniffing
parameters, such as frequency and flow rate (ml/min), are highly
variable [1–3]. The importance of nasal airflow dynamics has been
revealed at the olfactory epithelium (OE) level. First, olfactory
receptor neurons (ORNs) have been shown to be sensitive to air
pressure [4]. Second, low versus high flow rates differentially favor
sorption of odorant molecules depending on their solubility [5–7],
resulting in differential influence on activity patterns across the OE
[8,9].
Due to the anatomical organization of the epithelio-bulbar
projections [10–12], a change in OE activity should be reflected in
olfactory bulb (OB) activity. Indeed, optical recordings reveal that
glomerular activation varies with sniffing frequency [13–15]or flow
rate [16], and a sniff frequency-dependent attenuation of
glomerular inputs has also been described [15]. At the level of
individual mitral/tufted cell (M/T) activity, in the anesthetized rat,
temporal patterns of M/T cells reflect the phasic stimulation of
ORNs at each inspiration [17]. In the behaving rodent, natural
changes in sniffing frequency lead to changes in the variability and
spatial organization of M/T cell responses [18]. Importantly,
temporal patterning of M/T cells is frequently lost during high
frequency sniffing [18–20]. All of these studies have focused on the
effects of sniffing frequency variation on bulbar activity.
Conversely, the effects of nasal flow rate variation on M/T cell
and local field potential (LFP) responses have not been studied, to
our knowledge. It thus appeared essential to characterize nasal
airflow-induced changes in OB response. If sampling behavior can
change the characteristics of information carrier (spikes and LFP),
then it would be necessary to reconsider the notion of odor coding.
To investigate these modifications, we used a double cannulation
and simulated nasal airflow protocol in anesthetized rats to
uncouple nasal airflow from animal respiration. Both unit M/T
cell extracellular activity and LFP were recorded during different
conditions of nasal flow rate. We found that airflow changes in the
normal range were sufficient to substantially reorganize the
response of OB and determined that nasal airflow itself modifies
spontaneous OB activity.
Results
Under basal flow rate conditions and for the majority of
animals, we observed a temporal pattern of LFP signals in
response to ISO similar to those of non-tracheotomized rats
(Fig. 1A1 and A2, middle). The few animals in which we did not
observe the alternation between beta and gamma oscillations
under ISO stimulation at the basal flow rate were not retained for
the analysis. Analyses were performed on 12 rats.
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Effect of nasal airflow on bulbar odor responses
Analyses were performed on 69 paired trials (23 trials for each
flow rate condition) containing a total of 36 cells. To evaluate if
nasal airflow shaped odor response at the olfactory bulb level, we
first explored its influence on odor-induced LFP oscillations and
then on M/T cell responses to odors. Next, we explored the
influence of nasal airflow on the phase locking between M/T cell
unit activity and LFP oscillations. For most analyses, since odors
induced no statistical difference in the global proportion of
respiratory-pattern activities, responses to odors were pooled.
LFP activity. Examples of typical signals in response to ISO
are presented in Figures 1A1 and A2. In this example, while the
classical alternation between gamma and beta oscillations on the
respiratory cycle was observed at the basal flow rate (Fig. 1A1, A2,
middle), low and high flow rate conditions induced LFP
modifications. On the raw signal, the low flow rate (left) induced
more numerous beta oscillatory bursts at the expense of gamma
oscillatory bursts. In the example of Figure 1A2, the beta
oscillatory burst appeared longer under low flow rate than under
basal flow rate conditions. For analysis of the whole data set, we
compared data from recordings obtained under low, basal and
high flow rate conditions, performed at the same site from the
same electrode under the three conditions. We first compared the
number of beta or gamma oscillatory bursts per electrode and per
recording under each flow rate condition (Fig. 1B). We observed
that the mean number of gamma oscillatory bursts significantly
increased with increasing flow rate (low versus basal: Wilcoxon
= 27.5, p,0.01; basal versus high: Wilcoxon = 15, p,0.001).
Conversely, the mean number of beta oscillatory bursts
significantly decreased (low versus basal, Wilcoxon = 7,
p,0.001; basal versus high, Wilcoxon =17.5, p,0.001),
indicating that nasal airflow can quantitatively change the LFP
pattern. We next examined if the intrinsic characteristics of
oscillations, such as duration, amplitude and frequency, could also
be modified by flow rate. The only significant modifications we
observed concerned gamma oscillations; the duration of gamma
episodes was significantly decreased when flow rate was decreased
relative to basal flow rate (Table 1, Wilcoxon =3, p,0.05), and
their amplitude was significantly decreased (Table 1, Wilcoxon =3,
p,0.05).
In summary, the occurrence probability for odor-evoked LFP
oscillations was strongly modified by nasal flow rate, while the
intrinsic characteristics of oscillations were less or not. The next
Figure 1. Modification of LFP oscillatory patterns. A1) Raw data collected from the same electrode in response to ISO under low (left), basal
(middle) and high (right) flow rate conditions. A2) Representation of an average respiratory phase-frequency of LFP oscillatory activity under low,
basal and high flow rate conditions in response to ISO. Amplitude is color-coded (the calibration scale below is common to the three representations
in arbitrary units). Oscillation frequencies are represented relative to their position in the respiratory cycle, indicated in phase from 0 (beginning of
inspiration) to 1 (end of expiration). Phase 0.5 indicates the transition between inspiration and expiration epochs. An average was calculated from
signals recorded by all electrodes from 12 trials in each condition. B) Mean (6 SEM) number of oscillatory bursts per electrode under low, basal and
high flow rate conditions. For each trial, the same electrode was selected for the three flow rate conditions (n = 23 trials). Statistical test: Wilcoxon,
*p,0.05, **p,0.01 and ***p,0.001.
doi:10.1371/journal.pone.0016445.g001
Table 1. Means (6 SEM) of LFP intrinsic characteristics.
Beta Gamma
Characteristics Flow rate Average (6SEM) Average (6SEM)
Duration (s) Low 0.242 (60.016) 0.101 (60.008)
Basal 0.209 (60.014) 0.135 (60.011)
High 0.215 (60.163) 0.132 (60.011)
Amplitude
(Arbitrary unit)
Low 9.137 (60.804) 9.544 (60.677)
Basal 9.446 (60.846) 12.479 (61.802)
High 8.548 (61.113) 9.871 (61.134)
Frequency (Hz) Low 15.900 (60.462) 52.821 (61.035)
Basal 16.949 (60.576) 53.749 (61.273)
High 14.912 (60.560) 54.656 (61.108)
Duration (second), amplitude (arbitrary units) and frequency (hertz) are
presented for beta and gamma oscillations and for the three flow rate
conditions. Data from low and high flow rate conditions were compared to data
from the basal flow rate condition (n = 23 trials). Statistical test: Wilcoxon,
*p,0.05.
doi:10.1371/journal.pone.0016445.t001
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step was to ask whether the M/T cell unit activity in response to
odors was modified by nasal flow rate.
M/T cell activities. We recorded 36 mitral cells under each
flow rate condition. We first compared M/T cell responsiveness
under the three flow rate conditions. A cell was considered
responsive when its respiratory pattern and/or frequency changed
from a spontaneous to an odor period. A decreasing flow rate
resulted in a significant decrease in the percentage of responsive M/
T cells (low: 66.7% vs. basal: 88.9%; Chi2 (1) = 5.142, p,0.05). No
significant difference was observed between basal and high flow rate
conditions (88.9% vs. 91.7%, respectively; Chi2 (1) = 0.158,
p.0.05). When comparing the mean instantaneous firing
frequency under the three flow rate conditions (Fig. 2A1), we
observed that it reached approximately 50–60 Hz under the basal
(61.58 Hz) and high (51.26 Hz) flow rate conditions, as reported in
non-tracheotomized animal [21,22]. Interestingly, it was
significantly decreased under the low flow rate condition (low:
42.89 Hz vs. basal: 61.58 Hz). For a detailed view, see Figure S1
showing the matrix of the mean instantaneous frequency for each
cell under each flow rate condition. We next compared the mean
instantaneous frequency of M/T cells as a function of the respiratory
cycle under each flow rate condition. Respiration-triggered
histograms showed that M/T cell activity remained modulated by
the respiratory rhythm, regardless of the flow rate (Fig. 2A2).
Distribution of M/T cell mean instantaneous frequency relative to
the respiratory cycle was compared using the Equal Kappa Test.
This test revealed a significant difference of distribution between low
and basal conditions (p,0.001) while there was no statistical
difference between basal and high flow rate conditions.
We then compared the proportion of respiration-related
patterns under the three flow rate conditions. Figure 2B1 shows
the respiration-related patterns of a series of 36 M/T units
recorded under the three flow rate conditions. Even though no
significant difference appeared in the total proportion of each
pattern between the three conditions (Fig. 2B2), 58.3 and 50% of
the patterns were modified when airflow was decreased and
increased, respectively, relative to the basal flow rate (Fig. 2B1).
Thus M/T cell respiratory-pattern in response to the same odor is
modified depending on imposed nasal flow rate.
We observed that nasal airflow influenced both OB unit and
network activities. Finally, we investigated the temporal relation-
ship between spikes and LFP oscillations.
Relation between LFP and unit activity. To characterize
the temporal relationships between oscillatory fields and individual
spikes, we plotted the spike phase distribution for each cell for both
beta and gamma bands under each flow rate condition. Phase
histograms were then computed across cells. The significance of
spikes/LFP phase locking was tested on the histograms (Rayleigh
test; Fig. 3). Our analysis revealed a significant phase locking
between spikes and beta oscillations only for the low flow rate
condition. Conversely, a significant phase locking was observed
between spikes and gamma oscillations for all three flow rate
conditions (Rayleigh test, p,0.05). We then compared the
strength of phase locking between the three flow rate conditions
using the Equal Kappa test. This test revealed a significant
difference of phase locking strength between basal and high flow
rate conditions for the gamma oscillation (Fig. 3B). Hence, the
higher the flow rate was, the stronger the spike phase locking to
gamma phase was. Conversely, the lower the flow rate was, the
stronger the spike phase locking to the beta phase was (Fig. 3A).
We showed here that changing flow rate modified odor response
at the level of the OB. Since, in our experimental conditions,
changing airflow modified both air pressure in the nasal cavity and
the odorant stimulation (i.e., the quantity and migration of odor
molecules), we then wanted to determine the relative influence of
nasal airflow itself and that of the odor. Since odorant stimulation
cannot be applied without nasal airflow, we attempted to answer
this question by examining the effect of nasal airflow on OB
spontaneous activity.
Effect of deodorized nasal airflow on bulbar activity
First, we tested the effect of the presence of a respiration-
modulated deodorized airflow (nasal airflow ON, 500 ml/min at
the basal flow rate) versus its absence (nasal airflow OFF) in the
nasal cavity on OB spontaneous activity (96 trials for each
condition, with 45 cells detected). Effect of continuous deodorized
nasal airflow on LFP activity was also tested on three additional
rats. Second, we tested the effect of different nasal flow rates of
deodorized air on M/T cell spontaneous activity (23 trials under
low, basal and high flow rate conditions, with 36 cells detected).
LFP activity. Since there was no airflow through the nasal
cavity in the OFF condition, we used animal respiration as the time
base for signal analyses (Fig. 4A). Even though fast LFP oscillations
did not appear without odor, the slow rhythm related to respiration
(1–3 Hz) was present. As shown in Figures 4A1 and A2 (bottom),
when deodorized airflow passed through the nasal cavity, we
observed a slow rhythm. Conversely, under the nasal airflow OFF
condition, we never observed the slow rhythm (Fig. 4A1, A2, top).
We then tested the influence of flow rate modulation on
spontaneous slow LFP activity. Surprisingly, no significant
difference appeared in the slow LFP modulation amplitude when
flow rate was decreased (200 ml/min) or increased (800 ml/min,
data not shown). In addition, even by increasing or decreasing nasal
flow rate, fast LFP oscillations did not appear. To complete the
study of the effect of nasal airflow on slow LFP modulation activity,
we tested the effect of a continuous nasal airflow at 200, 500 and
800 ml/min. On the 27 trials realized in three rats, we never
observed a slow rhythm induced by a continuous nasal airflow
whatever the flow rate condition (Figure S2).
M/T cell activity. Forty-five mitral cells were recorded both in
nasal airflow ON and OFF conditions (deodorized air). When airflow
was switched from OFF to ON (500 ml/min) in the nasal cavity, two
M/T cell populations were revealed. First, we found air-insensitive
M/T cells, defined as cells that did not change their temporal firing
pattern and/or spike frequency when airflow was ON in the nasal
cavity compared to the nasal airflow OFF condition. Out of 45 cells,
33 (73%) were insensitive to airflow. A representative example is
shown in Figure 4B1 (a). Conversely, 12 cells (27%) were air-sensitive
M/T cells and were characterized by a significant change in their
spiking activity when airflow was ON in the nasal cavity [see Fig. 4B1
(b)]. This representative cell did not present activity when nasal airflow
was OFF, but it presented respiration-related activity when nasal
airflow wasON. To recapitulate pattern changes in air-sensitive mitral
cells, respiration-related patterns were classified into three groups
(Fig. 4B2): NULL, NS and SYNCHRO (in which S+, S-and Sc
patterns were pooled). As shown in Figure 4B2, when nasal airflow
wasOFF, 75% of cells presented a NULL activity, and 25%presented
an NS activity. When nasal airflow was turned ON, the majority of
air-sensitive cells adopted an activity synchronized with respiration
(SYNCHRO: 58.33%), whereas NULL activity no longer existed.
Mitral cell spontaneous activity was then studied under the three
flow rate conditions. A total of 36 cells were recorded under each
flow rate condition (deodorized air). When comparing the mean
instantaneous frequency rate between flow rate conditions
(Fig. 5A1), we observed, as in response to odors, that spontaneous
activity had a lower mean instantaneous frequency rate in the low
flow rate condition (basal: 41.15 Hz vs. low: 24.06 Hz; p,0.05). No
significant difference was observed between basal and high flow rate
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conditions. For a detailed view, see Figure S1 showing the matrix of
the mean instantaneous firing frequency for each cell under each
flow rate condition. We also compared the mean instantaneous
frequency as a function of respiratory cycle for each flow rate
condition (Fig. 5A2). No obvious modulation of the instantaneous
frequency was present, with the exception of a slight one at the high
flow rate. Equal Kappa test did not reveal any significant difference
of instantaneous frequency distribution relative to the respiratory
cycle between the three flow rate conditions.
To explore to what extent M/T cell activity pattern
modifications in response to odors were modified by nasal airflow
variation, we next studied the effect of nasal flow rate modulation
on the spontaneous activity patterns of M/T cells in the absence of
any odor (Fig. 5B1). In a global view, proportions of the
spontaneous activity respiratory patterns differed from those
under odor conditions, as the NULL and NS patterns were the
patterns most observed regardless of the flow rate condition. As
seen in response to odors, even though no specific activity pattern
appeared when flow rate was increased or when it was decreased
(Fig. 5B1, B2), 50 and 55.6% of these patterns were modified when
airflow was decreased and increased, respectively (Fig. 5B1).
Discussion
The aim of this study was to examine the extent that OB odor
response was influenced by nasal flow rate variation. For this
purpose, we used a double tracheotomy paradigm coupled with a
respiratory cycle simulation in the nasal cavity. We extended and
corroborated the earlier conclusion of various authors [4,23,24]
showing that nasal airflow itself imposes a respiratory rhythm to
OB activity. Importantly, we observed that flow rate modifications
induced variations of different odor information carriers: LFP
oscillatory activity, M/T single cell activity and spike phase locking
to LFP oscillations.
Figure 2. Nasal flow rate modifies mitral cell response to odors. Thirty six mitral cells were recorded under the three flow rate conditions. A1)
Mean instantaneous frequency rate (6 SEM) under each flow rate condition (n = 36). Paired t-test, *p,0.05. A2) Mean instantaneous frequency (or
number of spikes per bin, 6 SEM) as a function of respiratory cycle under the three flow rate conditions (low flow rate: orange, basal flow rate: black,
and high flow rate: purple). B1) Matrix representing respiration-related patterns of each cell recorded under the three flow rate conditions. Each line
represents a flow rate condition, and each column represents a unit. A color was attributed to each pattern: excitatory synchronized (S+, red),
suppressive synchronized (S2, blue), complex synchronized (Sc, green), respiration non-related (NS, dark gray) and null activity (NULL, light gray).
Cells are ordered according to their respiratory-related pattern at basal flow rate. The percent of change in activity pattern represents the percent of
units exhibiting a different pattern under the two flow rate conditions. B2) Percentages of each activity pattern as a function of flow rate condition
(n = 36). Low and high nasal flow rate conditions were compared to the basal flow rate. Statistical test: chi2.
doi:10.1371/journal.pone.0016445.g002
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Nasal airflow tunes OB activity during the respiratory
cycle
Adrian [23] first demonstrated a periodic LFP activity in the
OB related to the animal’s respiration. On unitary level, M/T cells
fire in relation with air intake in absence of olfactory stimuli
[25,26]. Similarly, olfactory receptor neuron terminals are
activated by natural sniffing of deodorized air in the awake rat
[24]. Recently, Grosmaitre [4] proposed an explanation about
respiration-related rhythmicity by showing that ORNs are
sensitive to air pressure. Consistent with these results, we showed
that airflow suppression in the nasal cavity led to suppression of
respiration-related slow LFP oscillation (Fig. 4A). Application of a
continuous nasal airflow did not led to respiration-related slow
LFP oscillation whatever the flow rate (Figure S2). At mitral cell
activity level, a continuous nasal airflow did not induce a
respiration related pattern in mitral cells; conversely, mitral cells
adopted a continuous firing [17]. Effect of central structures as a
source of respiratory modulation could not be excluded [27].
Periphery and central structures probably act in concert.
However, in our conditions, nasal airflow seems to be the most
prominent source of respiratory modulation.
Second, we observed a population of M/T cells that adopted a
respiration-related pattern of activity when airflow was applied to
the nasal cavity (Fig. 4B). These observations appear to confirm
the hypothesis according to which mechanosensitivity of ORNs
may be a peripheral drive to synchronize OB rhythmic activity
with respiration [4]. This respiratory tuning at the level of the
network and M/T cells constitutes a major process for
synchronizing OB and higher order structures, such as the
piriform cortex, which also presents respiration-related activity
[28–30]. Bulbar respiratory tuning by nasal airflow could permit
an optimal coupling between olfactory structures, which may be
important for information transmission. Furthermore, this bulbar
‘‘pre-activation’’ by nasal airflow could prepare the OB to process
odor stimuli [31]. By imposing a basal activity to the OB, nasal
airflow may provide an excitatory source to the OB, which in turn
could facilitate its response to odors.
Nasal flow rate strongly impacts odor response in the OB
Numerous authors have shown that OE odor responses are
modified by nasal flow rate [7–9]. Such modifications have also
been revealed at the glomerular level. In particular, it has been
recently reported that glomerular responses are affected by nasal
flow rate [16]. Considering this, our data show for the first time
that the response to odors of both OB network and output (M/T
cells) are modified by nasal flow rate variations (Fig. 1 and Fig. 2).
We showed that modifications of nasal airflow not only influence
bulbar input but also its output activity. At the network level,
gamma oscillations appeared more often under the high nasal flow
rate, while beta oscillations appeared more often under the low
flow rate. These results can be simply interpreted in terms of
bulbar activation related to the odorant stimulation level which
can be induced by each flow rate. Gamma oscillation prevalence is
likely due to the high bulbar activation related to a high flow rate.
It has been shown that the gamma oscillation is favored by high
odor concentration [32] and high vapor-pressure molecules [33].
Conversely, beta oscillation prevalence is likely due to poor bulbar
activation (related to a low flow rate), as it has been shown that the
beta oscillation is favored by low odor concentrations [32] and low
vapor-pressure molecules [33]. Similarly, at the M/T cell level,
changes in odor responsiveness as a function of nasal flow rate may
also be attributed to the level of bulbar activation. Finally, we
observed that spike phase locking to LFP oscillations was also
modified as a function of the flow rate condition (Fig. 3). A high
flow rate improved spike phase locking to gamma, whereas a low
flow rate improved spike phase locking to beta. Different authors
Figure 3. Spike phase locking to LFP oscillations is modified by nasal flow rate. Each histogram represents spike distributions relative to
the oscillation phase for each flow rate condition. A) Phase locking between spikes and beta oscillations [number of spikes for each condition: low
flow rate (n = 516), basal flow rate (n = 661) and high flow rate (n = 228)]. B) Phase locking between spikes and gamma oscillations [number of spikes
for each condition: low flow rate (n = 188), basal flow rate (n = 1019) and high flow rate (n = 370)]. Statistical test: Equal Kappa test, *p,0.05.
doi:10.1371/journal.pone.0016445.g003
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have suggested that spike phase locking to LFP oscillations is a key
parameter in olfactory coding, at least in the honeybee (for review,
see [34]) and fish [35]. If, as we report, an odorant can evoke
different phase locking and LFP oscillatory patterns according to
nasal flow rate and the animal’s sniffing dynamics, then such
hypotheses should be reformulated.
Our finding that OB activity is modified by nasal airflow
variation raises a new question: Do the observed modifications
simply reflect the differential ORN activation due to air pressure
variation, or are they due to variations in odorant stimulation
because of flow rate variations? Unfortunately, odors cannot be
delivered without airflow into the nasal cavity, making it
impossible to directly answer this question. Nevertheless, some
clues can be found in our data. First, we observed that M/T cells,
in which the response to odors changed with flow rate, were not
systematically those cells whose spontaneous activity was modified
by flow rate (Figure S1). Second, slow LFP modulation was not
modified by flow rate when no odor was delivered. Third, even
with flow rate modification, gamma or beta oscillations were never
evoked without odor. It thus seems reasonable to assume that the
modifications in odor response we observed were not the only
consequence of air pressure variation, but rather such modifica-
tions are likely due to both variations in nasal airflow pressure and
odorant stimulation. If nasal flow rate variation affects odorant
stimulation, it can do it in different ways: first by changing odorant
concentration and second by modifying odorant migration
through the nasal cavity. Further studies will next be required to
specify the respective implication of each of these parameters by
using both a systematic panel of odorant concentrations and a
panel of odorants with different physico-chemical properties.
Functional implications for odor perception
By demonstrating that nasal flow rate induced modifications in
bulbar network activity, M/T single cell activity and spike phase
locking to LFP, we have presented novel evidence showing that
nasal airflow is a key parameter to consider when studying
olfactory coding. This result leads to two questions. First, what
allows perception stability? Indeed, it has been recently shown that
even though glomerular maps are modified by odorant concen-
tration, animal odor perception remains stable [36]. An interesting
explanation can be found in Bathellier et al. [37]. They showed
that relevant information for odor coding is contained in mitral
cell ensemble activity which is robust to changes in sniffing
frequency. We could consider the possibility that such a coding
scheme should also be robust to changes in flow rate variations.
Second, what is the role of respiratory dynamics in perception?
Different authors have considered respiratory dynamics not only
as the odorant molecules vector but also as an integral part of the
Figure 4. Nasal airflow (without any odor) imposes a respiration-related rhythm. A1) Dark traces: examples of field potentials recorded in
the mitral cell layer when airflow was OFF (top) and ON (bottom). Gray traces: animal respiratory signal measured at the tracheal cannula. A2) Field
potentials averaged over the respiratory cycle when airflow was OFF (top) and ON (bottom). B1) Forty five mitral cells were recorded under nasal
airflow ON and OFF conditions. Raw data filtered at 300–3000 Hz of: an air-insensitive cell (a) and an air-sensitive cell (b). Bottom trace: airflow in the
nasal cavity (500 ml/min) recorded at the nostril entrance. Nasal airflow was simulated at time 0. B2) Percentages of respiration-related (SYNCHRO),
respiration non-related (NS) and null activity (NULL) patterns in air-sensitive cells when airflow was OFF (black) and ON (gray) in the nasal cavity
(n = 12). Of these 12 cells, seven shifted from the NULL to SYNCHRO pattern, two from the NULL to NS and three from NS to NS (with a change in
spike rate). Statistical test: Chi2, **p , 0.01, ***p,0.001.
doi:10.1371/journal.pone.0016445.g004
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olfactory percept [38,39]. As demonstrated in humans, there are
fast adjustments of sniff volume depending on odorant concen-
tration [40]. These fast modulations of respiratory dynamics
suggest that olfactomotor control could be similar to that of vision
or audition [40]. Variations in sniff parameters would serve to
optimize the transport of odorant molecules along the OE
pathway [41,42], similar to how eye movements serve to allow
acute visual perception [43].
Materials and Methods
Preparation and recording
Male Wistar rats (200–450 g) obtained from Janvier (Le Genest-
Saint-Isle, France) were anesthetized with urethane (1.5 mg/kg,
i.p., with additional supplements as needed) and placed in a
stereotaxic apparatus. LFP oscillations were used to monitor
anesthesia depth. Animals were placed on a heating pad to
maintain constant body temperature.
Ethics Statement. All surgical procedures were conducted in
strict accordance with the European Community Council directive
of November 24, 1986 (86/609/EEC), those of the French Ethical
Committee and French Legislation and received approval from
the Lyon 1 University Ethics Committee (Direction of veterinary
service # 69387473).
Tracheotomy. Once all pain reflexes were abolished, a
tracheotomy was performed by inserting a first cannula into the
trachea, which allowed the rat to breathe freely (catheter Biotrol,
int. 1.57 mm, ext. 2.08 mm, tracheal cannula in Fig. 6). A second
cannula was then inserted rostrally through the larynx to the
postnasal cavity to allow air to be pushed and pulled through the
nasal cavity (catheter Vygon, Venolux 247, int. 0.8 mm, nasal
cannula in Fig. 6).
Figure 5. Spontaneous activity of OB units is modified by nasal flow rate. Thirty six mitral cells were recorded under the three flow rate
conditions. A1) Mean instantaneous frequency rate (6 SEM) under each flow rate condition (n = 36). Paired t-test, *p,0.05. A2) Mean instantaneous
frequency (6 SEM) as a function of respiratory cycle under the three flow rate conditions (low flow rate: orange, basal flow rate: black, and high flow
rate: purple). B1) Matrix representing respiration-related spontaneous patterns of each cell recorded under the three flow rate conditions. Each line
represents a flow rate condition, and each column represents a unit. A color was attributed to each pattern: excitatory synchronized (S+, red),
suppressive synchronized (S2, blue), complex synchronized (Sc, green), respiration non-related (NS, gray) and null activity (NULL, light gray). Cells are
ordered according to their respiratory-related pattern at basal flow rate. The percent of change in activity pattern represents the percent of units
exhibiting a different pattern under the two flow rate conditions B2). Percentages of each spontaneous activity pattern as a function of flow rate
condition (n = 36). Low and high nasal flow rate conditions were compared to the basal flow rate. Statistical test: Chi2.
doi:10.1371/journal.pone.0016445.g005
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Electrophysiological recordings. The dorsal region of the
OB was exposed. Bulbar activity was recorded as a broadband
signal (0.1 Hz to 5 kHz) using 16-channel silicon probes
(NeuroNexus Technologies, Ann Arbor, MI) with a homemade
16-channel DC amplifier. Data were digitally sampled at 10 kHz
and acquired with a PC using an IOTech acquisition system
(Wavebook, IOTech Inc., Cleveland, OH). Probes were placed in
the lateral or medial part of the OB at such a depth that the
maximum number of channels could be located within, or close to,
the mitral cell layer. The mitral cell layer was located by a set of
criteria: LFP waveform, magnitude of unit action potentials and
the inability to record spikes from the granule cell layer.
Recordings were performed in the whole antero-posterior axis of
the OB.
Odors. Odors (Sigma Aldrich, Fluka) were delivered in a
randomized series through a dilution olfactometer (400 ml/min).
The odors were isoamyl acetate (ISO), 2-heptanone (K07), 1-
decanol (A10) and p-Cymen (CYM). We chose to stimulate
animals with several odors in order to increase the probability of
cell responses. All odors were delivered in front of the animal’s
nose at a fraction of 18.1022 of the saturated vapor pressure. The
time delay between each odor presentation was at least 1 min. The
recording protocol was as follows: 5 s of spontaneous activity, 5 s
of odor-evoked activity and 5 s of post-stimulus activity.
Protocols for simulated airflow variations. Airflow was
measured by fast response time airflow sensors (bidirectional micro
bridge mass airflow sensor, AWM 2000 series, HoneywellH). This
setup is extensively described in [44]. We used two sensors (see
Fig. 6), one placed in front of the tracheal cannula to measure the
animal’s respiration and another placed at the entry of the nostril
to measure airflow circulating through the nasal cavity.
To simulate respiratory cycles, we used a homemade apparatus
that allows the reproduction of both inhalation and exhalation
phases. The animal’s respiratory signal (collected at the tracheal
cannula) was sent to the respiratory signal simulator, which in turn
sent a simulated airflow toward the nasal cavity through the nasal
cannula (see Fig. 6). Imposed airflow through the nasal cavity was
deodorized by passing through an activated carbon filter device
(Carbon-Cap tm 75, Whatman filter, Bioblock). The whole system
was based on a proportional-integral-derivative (PID) controller
Figure 6. Respiratory cycle simulator. This apparatus consists of an electronic part (PID card, airflow sensor and proportional valve), an
acquisition card (NI-6008 analog input/output) and a PC (software under LabViewH). Using a constant aspiration and a compressed air input passing
through the system allowed the simulation of both inhalation and exhalation phases of the respiratory cycle. The simulated airflow was directly sent
to the nasal cavity via a nasal cannula. The tracheal cannula allowed the animal to freely breathe and was used to acquire the animal’s respiratory
signal.
doi:10.1371/journal.pone.0016445.g006
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composed of an electronic card, a miniature proportional valve
(VSOH model, Parker Precision Fluidics) and an air flow sensor
(micro bridge mass airflow sensor, AWM 40000 series, Honey-
wellH). The electronic card was controlled via an analog data
acquisition card (National InstrumentsH NI-USB 6000 series). This
card was connected to a PC, and software developed under
LabViewH was designed to perform several tasks. The user was
able to choose the simulated airflow parameters (time course and
rate). To maintain conditions as physiological as possible, the
simulated airflow was synchronized to the tracheal respiratory
signal. In some cases, animal respiration was too irregular to
permit the device to keep the synchrony between both signals (i.e.,
the simulated nasal airflow and animal respiration). We thus
discarded trials in which both signals were not synchronized. To
estimate the synchronization between simulated nasal airflow and
animal respiration, we measured the delay between both signals at
the inspiration/expiration transition (I/E) points. We considered
both signals to be synchronized when the shift was ,10% of the
respiratory cycle. In selected trials, the shift was an average 4.63%
(63.12%) of the respiratory cycle.
Since the aim of this work was to study the influence of airflow
variation, we chose to impose three different nasal airflow rates:
low (200 ml/min), basal (500 ml/min) and high (800 ml/min)
without varying any other parameter of the respiratory signal.
These values refer to the maximum flow rate for the respiratory
cycle. A 500 ml/min flow rate was chosen as basal because it
reproduced the bulbar LFP signal in response to ISO that is
typically recorded under the anesthetized non-tracheotomized
condition [21]. This basal flow rate was adjusted to 500 ml/min
650 ml/min depending on the animal state. The three flow rates
employed corresponded to the physiological scale in rat measured
in behaving animals [1]. To determine how nasal airflow itself
could affect olfactory bulb activity, we tested the effect of nasal
airflow presence (nasal airflow ON, 500 ml/min, without any
odor, modulated at animal respiratory frequency) and absence
(nasal airflow OFF) on olfactory bulb activity. In all of these trials,
airflow was discontinuous and exactly reproduced animal’s
breathing frequency. To ensure us that imposed airflow in the
nasal cavity was completely deodorized, we included a blank trial
in each recording session. We never observed any bulbar response
(neither LFP nor mitral cell activity) to the blank. We also tested,
on 3 additional rats, the effect of a continuous nasal airflow at 200,
500 or 800 ml/min.
Data processing
All data processing was performed using Openelectrophy open-
access homemade software [45].
Respiratory signal. An important feature of the olfactory
signal is its temporal correlation with breathing. We developed a
method to represent data as a function of the respiratory phase
[44]. Briefly, the recorded respiratory signal was processed to
extract each respiratory epoch. The time component of these
periods was then converted into a circular phase component
defined between 0 and 1, which represented the beginning of the
inspiration and end of the expiration, respectively. As a result,
electrophysiological signals were no longer represented as a
function of time but as a function of respiratory phase. The
main advantage of this method is that the phase representation
was common to all trials, as opposed to time representation.
Electrophysiological recordings were analyzed relative to the
respiratory cycle and in particular to the transition points between
inhalation and exhalation (I/E). I/E points were automatically
detected as zero-crossings of the respiratory signal, corresponding
to the point of null airflow of the rising phase.
LFPs. Wavelet transform LFPs were obtained by band-pass
filtering the recorded signal at 5–200 Hz. To preserve both time
and frequency information, we used a time-frequency
representation based on the continuous wavelet transform method.
Wavelet ridge extraction: We previously developed an algo-
rithm [46] to extract phase information from the identified
oscillations in the signal. Briefly, for each frequency band of
interest, we computed the mean and standard deviation (SD) of
the time-frequency map and defined the threshold as the mean +5
SDs of the time-frequency amplitude contained in the pre-stimulus
period (between 0 and 5 s). These thresholds were used to define
time and frequency boxes centered on points of maximum
amplitude in the signal, bounded by small time and frequency
ranges. Finally, we ran a high resolution Morlet’s complex wavelet
transformation on each box. Ridges were extracted on a Morlet
scalogram time frequency map. Each time frequency ridge line
represented all parameters of one oscillation (phase, frequency,
amplitude, starting and ending times) as a function of time.
Spikes. Spike sorting: Signals from individual electrodes were
amplified (gain 10006) and filtered from 300 to 5000 Hz. Multi-
unit activity consisted of a few neurons on each electrode. We
chose to use only the well-discriminated units (with a signal-to-
noise ratio $5:1) and to sort cells according to their spike
amplitudes. We verified that all sorted cells exhibited a minimal
4 ms refractory period. Consequently, the number of units
retained for analysis was restricted to 1–3 units per channel. We
preferred to use a very strict procedure, which resulted in a limited
number of units but was also very safe. With this conservative
procedure, we were very confident in the quality of the sorting; all
units were well isolated, and there were no duplicates.
Respiratory patterns: As previously described [47], M/T cell
activity is well characterized as a function of its temporal pattern
along the respiratory cycle. To evaluate such patterns, the time
occurrence of each spike was converted into a respiratory phase
(0–1). All data were plotted as histograms (divided into 20 bins)
that represented the spike rate along the respiratory cycle.
Histograms were classified into different types based on the
classification described in [47]. For the present study, we reduced
this classification to four types: i) non-synchronized patterns (NS),
characterized by a uniform distribution of spiking activity along
the respiratory cycle; ii) excitatory-simple-synchronized patterns (S+),
presenting a single increase in firing activity along the respiratory
cycle; iii) suppressive-simple-synchronized patterns (S2), presenting a
single decrease or stop in firing activity along the respiratory cycle;
and iv) complex-synchronized patterns (Sc), exhibiting multiple firing
frequency changes along the respiratory cycle. A period with no or
very few spikes during the considered epoch was classified as
NULL.
Spike-LFP phase coupling. Our wavelet ridge-based analysis
method of LFPs allowed an accurate estimation of the oscillation
phase. An absolute phase was assigned to each action potential
that occurred during an oscillatory epoch. The mean distribution
of action potentials relative to the phase of the LFP oscillation
(beta or gamma) was represented by phase histograms (23 bins),
where the peak and trough of the wave were assigned to 0 and pi,
respectively. From these histograms, circular mean, deviation and
dispersion were calculated.
Statistics. Statistical tests were performed using Excel,
Statview software or R combined with Python script. The level
of significance was set at p,0.05 for all statistical tests (p,0.05 *,
p,0.01 ** and p,0.001 ***).
LFP: LFP spontaneous slow modulation was calculated from the
difference between the maximum and minimum points on each
averaged LFP signal relative to the respiratory cycle. For fast LFP
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oscillations, average duration, frequency, amplitude and number
of oscillatory bursts (defined as the mean number of detected
oscillatory bursts per electrode under each flow rate condition) in
the OB were compared between flow rate conditions using the
Wilcoxon paired test. For all analyses, oscillation characteristics at
basal flow rate were taken as the reference point for comparisons.
Spikes: First, M/T cell instantaneous frequency discharges were
compared between the three flow rate conditions using a paired t-
test. For each cell, instantaneous frequency discharge at the basal
flow rate was taken as the reference point for comparisons.
Second, distribution of M/T cell instantaneous frequency along
the respiratory cycle was compared between the three flow rate
conditions using the Equal Kappa test. Third, the probability of
M/T cell respiration-related patterns were compared between
flow rate conditions during spontaneous and odor-evoked activities
using a Chi2 test. M/T cell activity patterns were also compared in
nasal airflow ON vs. OFF conditions using a Chi2 test.
Spikes-LFP phase coupling: Rayleigh’s uniformity test was used
to calculate the probability that the spikes were uniformly
distributed throughout the entire duration of an oscillatory cycle
(null hypothesis). The circular Equal Kappa test was used to test
the difference in spike distribution relative to oscillation cycle
between the nasal flow rate conditions.
Supporting Information
Figure S1 Matrices of spontaneous and odor-evoked
activities of OB units. A) Matrix representing respiration-
related spontaneous and odor-evoked patterns of each cell recorded
under the three flow rate conditions. Each line represents a flow rate
condition, and each column represents a unit. A color was
attributed to each pattern: excitatory synchronized (S+, red),
suppressive synchronized (S-, blue), complex synchronized (Sc,
green), respiration non-related (NS, gray) and null activity (NULL,
light gray), ordered by cell. B) Matrix representing spontaneous and
odor-evoked instantaneous frequency of each cell recorded under
the three flow rate conditions. Each line represents a flow rate
condition, and each column represents a unit. Gray scale was used
to represent firing rate from ,20 Hz to .80Hz, ordered by cell.
(TIF)
Figure S2 Continuous nasal airflow does not induce
respiratory modulation. Example of LFP signal recorded in
different airflow conditions from left to right: nasal airflow OFF,
continuous 200 ml/min, continuous 500 ml/min and continuous
800 ml/min. LFP signals are averaged over the respiratory cycle.
Gray traces: averaged respiratory cycle measured at the tracheal
cannula.
(TIF)
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Courtiol E, Hegoburu C, Litaudon P, Garcia S, Fourcaud-Trocmé
N, Buonviso N. Individual and synergistic effects of snifﬁng frequency
and ﬂow rate on olfactory bulb activity. J Neurophysiol 106: 2813–2824,
2011. First published September 7, 2011; doi:10.1152/jn.00672.2011.—Is
faster or stronger snifﬁng important for the olfactory system? Odorant
molecules are captured by snifﬁng. The features of snifﬁng constrain
both the temporality and intensity of the input to the olfactory
structures. In this context, it is clear that variations in both the sniff
frequency and ﬂow rate have a major impact on the activation of
olfactory structures. However, the question of how frequency and
ﬂow rate individually or synergistically impact bulbar output has not
been answered. We have addressed this question using multiple
experimental approaches. In double-tracheotomized, anesthetized rats,
we recorded both the bulbar local ﬁeld potential (LFP) and mitral/
tufted cells’ activities when the sampling ﬂow rate and frequency
were controlled independently. We found that a tradeoff between the
sampling frequency and the ﬂow rate could maintain olfactory bulb
sampling-related rhythmicity and that only an increase in ﬂow rate
could induce a faster, odor-evoked response. LFP and snifﬁng were
recorded in awake rats. We found that sampling-related rhythmicity
was maintained during high-frequency snifﬁng. Furthermore, we
observed that the covariation between the frequency and ﬂow rate,
which was necessary for the tradeoff seen in the anesthetized
preparations, also occurred in awake animals. Our study shows that
the sampling frequency and ﬂow rate can act either independently
or synergistically on bulbar output to shape the neuronal message.
The system likely takes advantage of this ﬂexibility to adapt
snifﬁng strategies to animal behavior. Our study provides addi-
tional support for the idea that snifﬁng and olfaction function in an
integrated manner.
olfaction; LFP; mitral cell; snifﬁng dynamics
JUST AS VISUAL PERCEPTION is dependent on eye movement,
olfaction is dependent on the way that odors are sampled (i.e.,
respiration). Olfactory activity and odor-sampling behaviors
maintain strong temporal relationships at multiple levels, in-
cluding the olfactory receptors (Carey et al. 2009; Chaput
2000), glomerular activation maps (Spors and Grinvald 2002),
mitral/tufted (M/T) cells (Chaput et al. 1992; Macrides and
Chorover 1972; Margrie and Schaefer 2003; Onoda and Mori
1980; Sobel and Tank 1993), bulbar local ﬁeld potential (LFP)
(Adrian 1942; Buonviso et al. 2003), and the piriform cortex
(Litaudon et al. 2003; Poo and Isaacson 2009; Wilson 1998).
Odor sampling behavior is thus a key feature of olfactory
perception (Mainland and Sobel 2006), and snifﬁng has been
proposed to be an olfactory motor act (Johnson et al. 2003). If
this is indeed the case, any variation in the snifﬁng frequency
and/or ﬂow rate should shape olfactory coding. Snifﬁng has
been shown to be highly variable with respect to both the
frequency (which ranges from 2 to 12 Hz) and the ﬂow rate
(Youngentob et al. 1987). Flow rate has been observed to
impact both the olfactory epithelium (Kent et al. 1996; Mozell
1970; Scott-Johnson et al. 2000) and glomerular activity (Oka
et al. 2009). Recently, we described (Courtiol et al. 2011) ﬂow
rate-induced modiﬁcations of bulbar activity. How variation in
the sampling frequency impacts bulbar activity remains un-
clear. At least two factors could be modiﬁed by a high fre-
quency. The ﬁrst factor is the strength of the bulbar response,
because a high sampling frequency results in a short bulbar
activation period, as conﬁrmed by the attenuation of the respi-
ratory pattern of glomerular activation (Verhagen et al. 2007).
The second factor that is likely modiﬁed by a high frequency
is the latency of the bulbar response, because the high fre-
quency increases the speed of odorant acquisition (Wesson et
al. 2009). While the present study was under review, the effect
of sampling frequency on M/T cell activity was described
(Carey and Wachowiak 2011). However, the question of how
the frequency and ﬂow rate individually or synergistically
impact bulbar output has not yet been addressed.
Our question was then two-fold: does a high sampling
frequency modify the strength and/or latency of the bulbar
response? If so, can a higher ﬂow rate counterbalance the
effects of a high frequency?
To precisely control both of the sampling parameters, we
used an anesthetized, double-cannulated, tracheotomized rat
experimental preparation. This preparation allowed ﬂow rate
and frequency to be independently controlled, which is not
possible in awake animals. We found that a tradeoff between
the sampling frequency and the ﬂow rate resulted in the
persistence of sampling-related activity in the olfactory bulb
(OB), and only an increase in the ﬂow rate could induce M/T
cells to respond earlier. With the use of awake rats, we
demonstrated that a similar covariation between the frequency
and ﬂow rate, which was necessary for the tradeoff observed in
the anesthetized preparation, occurred in the behaving animal.
MATERIALS AND METHODS
Experiment 1: OB Activity Recording and Control of Sampling
Parameters in Anesthetized Rats
Preparation and recording. Ten male Wistar rats (200–450 g),
obtained from Janvier (Le Genest-Saint-Isle, France), were anesthe-
Address for reprint requests and other correspondence: E. Courtiol, Centre de
Recherche en Neurosciences de Lyon (CRNL) Equipe Olfaction: du codage a` la
mémoire, CNRS UMR 5292, INSERM U1028, Université Lyon 1, 50 Ave. Tony
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tized with urethane (1.5 g/kg ip, with additional supplements as
needed) and placed in a stereotaxic apparatus. Anesthesia was main-
tained by supplemental doses when necessary. LFP oscillations were
used to monitor anesthesia depth. The animals were placed on a heating
pad to maintain constant body temperature. All surgical procedures were
conducted in strict accordance with the European Community Council
directive of November 24, 1986 (86/609/EEC), and the guidelines of the
French Ethical Committee and French Legislation, and surgical proce-
dures received approval from the Lyon 1 University Ethics Committee
(Direction of Veterinary Service #69387473).
TRACHEOTOMY. When all pain reﬂexes were abolished, a trache-
otomy was performed by inserting the ﬁrst cannula into the trachea,
which allowed the rat to breathe freely. Next, a second cannula was
inserted rostrally through the larynx into the postnasal cavity to allow
air to be pushed and pulled through the nasal cavity.
ELECTROPHYSIOLOGICAL RECORDINGS. The dorsal region of the
OB was exposed. Bulbar activity was recorded as a broadband signal
(0.1–5 kHz) using 16-channel silicon probes (NeuroNexus Technol-
ogies, Ann Arbor, MI) and a homemade 16-channel direct current
ampliﬁer (gain 1,000). Silicon probes (16-channel) were placed so
that we could record both the M/T cell activity from the mitral cell
layer and the maximum LFP amplitude in the granular cell layer. The
mitral cell layer was located using the following criteria: LFP wave-
form, the magnitude of the unit action potentials, and the inability to
record spikes from the granular cell layer. The granular cell layer was
located by LFP waveform, as described by Buonviso et al. (2003).
Recordings were performed in the whole anteroposterior axis of the
OB. Data were digitally sampled at 20 kHz and acquired with a
personal computer (PC) using a National Instruments (Austin, TX)
acquisition card (BNC-2111).
ODORS. Odors (Sigma-Aldrich, St Louis, MO; Fluka, Germany)
were delivered in a randomized series through a dilution olfactometer
(400 ml/min). The odors were 2-heptanone (K07) and isoamyl acetate
(ISO). The odors were delivered in front of the animal’s nose at the
proportion of 18% of the saturated vapor pressure. The time delay
between each odor presentation was at least 1 min. The recording
protocol was as follows: 5 s of spontaneous activity, 5 s of odor-
evoked activity, and 5 s of poststimulus activity.
IMPOSED NASAL AIRFLOW. Airﬂow was measured using fast re-
sponse-time airﬂow sensors. This setup has been described exten-
sively by Roux et al. (2006). We used two sensors; the ﬁrst, which was
placed in front of the tracheal cannula, measured the animal’s own
respiration. The second sensor, which was placed at the entrance of
the nostril, measured the airﬂow circulating through the nasal cavity.
We thus recorded two airﬂow signals: the animal’s own respiratory
airﬂow and the imposed nasal airﬂow.
To simulate respiratory cycles, we used a homemade apparatus that
allowed the reproduction of both the inhalation and exhalation phases
(for more details, see Courtiol et al. 2011). Brieﬂy, the animal’s
respiratory signal (collected at the tracheal cannula) was sent to the
respiratory signal simulator, which in turn, sent a simulated sampling
airﬂow toward the nasal cavity through the nasal cannula. The
simulated sampling airﬂow in the nasal cavity could be controlled
precisely in terms of frequency, ﬂow rate, and synchronization (with
respect to the animal’s own respiration). To study the effects of
variations in both the sampling frequency and ﬂow rate, we chose to
impose 1) six different nasal airﬂow frequencies, i.e., 1 Hz, basal
(which is the respiratory frequency of a urethane-anesthetized rat;
mean  2.3 Hz), 4 Hz, 6 Hz, 8 Hz, and 10 Hz, in a randomized
procedure, and 2) two nasal ﬂow rates of 500 ml/min and 1,000
ml/min. Figure 1A shows the corresponding ﬂow inspiration volumes.
A 500-ml/min ﬂow rate coupled with the basal frequency reproduced
the bulbar LFP signal in response to ISO, which was usually recorded
in the anesthetized, nontracheotomized condition (Buonviso et al.
2003). The ﬂow rates and sampling frequencies used corresponded to
rat physiological parameters (Youngentob et al. 1987).
Data processing. All data processing was performed using Open-
Electrophy open-access homemade software (Garcia and Fourcaud-
Trocmé 2009). OpenElectrophy is an open source and is freely available
for download at http://neuralensemble.org/trac/OpenElectrophy.
RESPIRATORY SIGNAL. An important feature of the olfactory signal is
its temporal correlation with breathing. Therefore, we developed a
method for representing the data as a function of the respiratory phase
(Roux et al. 2006). Brieﬂy, the respiratory cycle was ﬁrst divided into two
periods: inspiration and expiration. The time component for these periods
was then converted into a circular-phase component, deﬁned between
zero and one, where zero and one represent the beginning of inspiration
and the end of expiration, respectively. This phase representation of the
respiratory cycle was used as a normalized time basis (between zero and
one) and permitted us to collect and analyze the results in a standardized
data format across different recordings. The respiratory-phase computa-
tion was performed on both the animal’s own respiration and the imposed
nasal airﬂow (i.e., sampling cycles), which allowed us to compare the
olfactory activity relative to either of these two signals.
LFPs. LFPs were obtained by band-passing the signal at 0–200 Hz.
•Wavelet transform and wavelet ridge extraction for -oscillations
To preserve both time and frequency information, we used a
time-frequency representation (TFR) based on a continuous wavelet
transform. We have developed an algorithmic procedure (Roux et al.
2007) to extract phase information from the oscillations identiﬁed in
the signal. -Oscillations were easily and clearly discriminated in both
the TFRs and the raw signals. A -burst was deﬁned as a succession
of at least three oscillation cycles. An absolute threshold was deﬁned
during the stimulus epoch for the 35- to 90-Hz band and for each
electrode. This threshold was used to deﬁne the time and frequency
boxes centered on the points of the maximum signal amplitude. Next,
the time and frequency coordinates of all local maxima in the -band
above this threshold were extracted. From each maximum, we com-
puted the Morlet’s complex wavelet transformation with high time
resolution, both forward and backward, following the line of maxi-
mum energy. The computation stopped when the energy fell below the
threshold. Therefore, for each maximum detected on the time-fre-
quency map, we obtained, with high time resolution, a wavelet ridge,
which was deﬁned by its starting and ending times, instantaneous
frequency, and instantaneous phase. Thus each -episode was char-
acterized by the coordinates of its maximum (power and frequency)
and its wavelet ridge (duration and frequency).
Statistical tests were performed using Excel and StatView software.
The level of signiﬁcance was set at P  0.05 for all statistical tests.
The occurrence of -oscillations (deﬁned as the probability of
observing at least one -burst during odorant stimulation, irrespective
of the number of -bursts) was calculated and compared between the
sampling conditions using the 2 test. The average -burst duration,
frequency, amplitude, and recurrence over successive sampling cycles
(deﬁned as the total number of oscillatory bursts/total number of
sampling cycles) were calculated. These parameters were compared
among the sampling conditions using two-way factorial ANOVA
with the frequency and ﬂow rate as factors. Post hoc analyses were
performed using Student-Newman-Keuls test.
•LFP sampling-related modulation
In addition to -oscillations, LFP presents a slower component
linked to the respiratory sampling rate (Buonviso et al. 2003). LFP
sampling-related modulation occurrence was determined using fast
Fourier transformations (FFTs), which are better suited for processing
long signals. FFTs were performed during spontaneous and odor-
evoked activities. The LFP sampling-related modulation was analyzed
in two different ways. First, the amplitude of the sampling-related
modulation was determined. LFP signals were averaged relative to the
imposed sampling cycle. Then, the amplitude of the LFP sampling-
related modulation was calculated as the difference between the
maxima and the minima of each averaged LFP signal. Second, the
cross-correlation coefﬁcient between the LFP signal and the imposed
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nasal airﬂow was measured. The cross-correlations between the im-
posed sampling nasal airﬂow and the LFP signals were determined
according to the following equation
X xY  y
xy
where x denotes the imposed sampling cycle, y is the LFP signal, 
is the mean, and  is the SD. Repeated-measures ANOVA, with the
frequency and ﬂow rate as factors, was used for comparisons of the
LFP sampling-related modulation amplitude and the cross-correlo-
gram coefﬁcients. Post hoc analyses were performed using the Stu-
dent-Newman-Keuls test.
SPIKES.
•Spike sorting
Spiking activity was extracted from individual electrodes using a
band-pass ﬁlter (300–3,000 Hz). Multiunit activity consisted of a few
Fig. 1. Although attenuated, the local ﬁeld potential (LFP) sampling-related rhythm persists at high sampling frequencies. A: imposed sampling conditions. Plots of the
imposed sampling volumes of an inspiration as a function of the imposed frequency and ﬂow rate. Six different nasal airﬂow frequencies of 1 Hz, basal frequency (which
is the respiratory frequency of a urethane-anesthetized rat; mean  2.3 Hz), 4 Hz, 6 Hz, 8 Hz, and 10 Hz and 2 nasal ﬂow rates of 500 ml/min and 1,000 ml/min were
imposed in a randomized procedure. B: plots of the mean amplitude of the LFP sampling-related modulation (SE) as a function of the imposed frequency and ﬂow
rate. Gray, 500 ml/min ﬂow rate; black, 1,000 ml/min ﬂow rate. The number of trials for each ﬂow rate and for each frequency was 19 (total 228). Statistical analyses
were performed using the repeated-measures ANOVA test, which revealed a global effect of the frequency; P 0.0001. According to the Newman-Keuls post hoc test:
*signiﬁcant difference between 1 Hz and all other frequencies; #at 1,000 ml/min, there was no difference between basal and 4 Hz, but both were signiﬁcantly different
from 6 Hz, 8 Hz, and 10 Hz; ¤at 500 ml/min, there was no signiﬁcant difference between basal and 4 Hz, but both were signiﬁcantly different from 8 Hz and 10 Hz;
§§global ANOVA effect of ﬂow rate (P  0.01). A post hoc Newman-Keuls test revealed a signiﬁcant effect of the ﬂow rate at basal, 4 Hz, 8 Hz, and 10 Hz (§)
frequencies. C: mean cross-correlation coefﬁcients (SE) as a function of the imposed frequency and ﬂow rate. The cross-correlation was assessed between the LFP
sampling-related modulation and the imposed nasal airﬂow. Gray, 500 ml/min ﬂow rate; black, 1,000 ml/min ﬂow rate. The number of trials for each frequency and for each
ﬂow rate was 19. Statistical analyses were performed using repeated-measures ANOVA. The ANOVA revealed a global effect of frequency (P 0.001). *signiﬁcant difference
between 1 Hz and all other frequencies when the Newman post hoc test was applied (bottom); § (top) global ANOVA effect of ﬂow rate (P 0.05). A post hoc Newman-Keuls
test revealed a signiﬁcant effect of the ﬂow rate at 8Hz (§ for both ﬂow rate conditions).D, left: examples of rawdata for the LFP recorded from the same channel under 6 different
sampling frequencies at a ﬂow rate of 1,000ml/min. Note the decrease in the slowLFPmodulation amplitude and its persistence across the frequencies. Cross-correlograms from
the cross-correlation between the imposed sampling signals at 1,000 ml/min are presented on the right, and the corresponding raw data are on the left.
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neurons on each electrode. We chose to use only well-discriminated
units with a signal/noise ratio5/1 and to sort cells according to their
spike amplitude. Consequently, the number of units retained for
analysis was restricted to 1–3 units/channel. We preferred to use a
conservative criterion, which resulted in a limited number of units but
was also highly reliable. This procedure has been described and
illustrated in detail by Cenier et al. (2009).
•Pattern classiﬁcation
In our preceding reports, the temporal patterns of M/T cell activity
were classiﬁed according to the variations in the discharge rate with
respect to the respiratory cycle (Buonviso et al. 1992; Cenier et al.
2009; Courtiol et al. 2011). Here, the imposed nasal airﬂow cycle was
used as a time reference for pattern classiﬁcation. Thus a pattern was
classiﬁed as SYNCHRO when its spiking discharge presented syn-
chronized activity relative to the imposed sampling cycle, as nonsyn-
chronized pattern (NS) when it presented a uniform distribution of
activity along the imposed sampling cycle, and as NULL when it
exhibited only a few or no spikes. A M/T cell was considered
responsive when the frequency rate or/and activity pattern changed
from spontaneous activity to odor-evoked activity. Frequency change
was considered as a response when mean and/or maximum frequency
values changed by 2 SD between two conditions (Buonviso and
Chaput 1990; Chaput et al. 1992).
•Measurements and statistics
Statistical tests were performed using Excel and StatView software.
The level of signiﬁcance was set at P  0.05 for all statistical tests.
First, the percentages of odor-responsive M/T cells were calculated
for each condition and compared using a 2 test. Second, the relative
proportions of the different M/T cell patterns (SYNCHRO, NS,
NULL) were compared among the sampling conditions during odor-
evoked activities using a 2 test. Third, the latencies between the ﬁrst
spike and the ﬁrst inspiration following odor onset were calculated
and compared among the different sampling frequency conditions
using two-way factorial ANOVA with the frequency and ﬂow rate
as factors. Post hoc analyses were performed using the Student-
Newman-Keuls test.
Experiment 2: Respiration Recordings in Freely Moving Rats
Preparation and recording. Six male Long Evans rats (Janvier),
weighing 250–300 g at the start of the experiment, were used. Food
and water were available ad libitum during the experiment.
RESPIRATION. Respiratory behavior in freely moving rats was
measured using whole-body plethysmography (emka Technologies,
France) with the goal of disturbing rat behavior as little as possible.
This setup has been described extensively by Hegoburu et al. (2011).
Brieﬂy, the plethysmograph is composed of two chambers: a subject
chamber and a reference chamber. A differential pressure transducer
(Model dpt, emka Technologies) connected to both chambers allows
the measurement of pressure differences. This signal reﬂects the
respiratory activity of the rat. The measured signal was ampliﬁed,
digitally sampled at 1 kHz, and acquired with a PC using an acqui-
sition card (MC-1608FS, Measurement Computing, Norton, MA).
PROTOCOL. It has been shown that animals increase their snifﬁng
frequency during odor presentation (Wesson et al. 2008a), and they
present a slow snifﬁng frequency at rest. For each rat, the respiration
was recorded during 13 trials. K07 was presented 10 times for 20 s
with an intertrial interval of 4 min. With the use of this protocol, we
were able to record a large range of snifﬁng frequencies.
Data processing. All data processing was performed using Open-
Electrophy homemade open-access software (Garcia and Fourcaud-
Trocmé 2009). All signals and epochs (i.e., with or without odor) were
stored in a Structured Query Language database. Measurements were
performed as described in detail by Hegoburu et al. (2011).
RESPIRATORY SIGNAL. OpenElectrophy can automatically detect
zero crossings of the respiratory signal, which correspond to the point
of null airﬂow in the rising phase (Roux et al. 2006). The negative and
positive phases corresponded to inspiration and expiration, respec-
tively (see Fig. 5B). With the use of these phases, we had direct access
to the frequency, inspiration time, expiration time, inspiration peak
ﬂow rate, and expiration peak ﬂow rate. The peak ﬂow rates and times
were used to calculate the inspiration and expiration volumes,
respectively.
MEASUREMENTS AND STATISTICS. Statistical tests were performed
using Excel and StatView software. The level of signiﬁcance was set
at P  0.05 for all tests. All respiratory cycles, where the peak ﬂow
rate, volume, or duration value of the inspiration or expiration phase
were greater than the mean  2 SD, were discarded from analysis.
Comparisons of the peak ﬂow rates and volumes among the different
sampling frequency conditions were performed using a factorial
ANOVA with sampling frequency as the factor. More precisely,
comparisons between the sampling frequency and the peak ﬂow rate
were performed for both the inspiration and expiration phases. Post
hoc analyses were performed using the Student-Newman-Keuls test.
Experiment 3: OB Recording in Freely Moving Rats
Preparation and recording. ANIMAL PREPARATION. Two male
Long-Evans rats (Janvier) were used; the rats weighed 270 g at the
start of the experiment. Food and water were available ad libitum
during the experiment.
Anesthesia was induced and maintained by intraperitoneal injec-
tions of Equithesin (a mixture of chloral hydrate and sodium pento-
barbital, 3 ml/kg). A monopolar LFP recording electrode was posi-
tioned in the left OB near the mitral cell layer, which was located by
its large, multiunit mitral cell activity (Martin et al. 2004). A connec-
tor was mounted on the skull (emka Technologies). The rats were then
allowed to recover for 2 wk.
RESPIRATION RECORDINGS. Respiratory behaviors were acquired
and computed as described in the second part of MATERIALS AND
METHODS (Experiment 2: respiration recordings in freely moving rats).
TELEMETRY RECORDING OF OB LFP SIGNALS. To obtain access to
both OB activity and sampling behavior, the rats were placed in the
plethysmograph chamber. To prevent the possible loss of air tightness
in the plethysmograph, the result of wired recordings, we used
radiofrequency acquisition of the LFP signals (RodentPACK, emka
Technologies). A transmitter (RodentPACK, emka Technologies) was
connected to the head connector for the recording session (see Fig.
6A). LFP was acquired at 1 KHz. The transmitter was paired with a
speciﬁc receiver card, and the receiver mainframe provided analog
output to our computer via an acquisition card (MC-1608FS, Mea-
surement Computing).
Data processing. LFPs. LFP signals were processed as described for
anesthetized animals (MATERIALS AND METHODS, Experiment 1: OB
activity recording and control of sampling parameters in anesthetized
rats).
RESULTS
Two experimental preparations were used: a freely moving
animal preparation and a double-tracheotomized, anesthetized
animal preparation. We use the term “snifﬁng” to refer to the
respiratory behavior recorded in freely moving animals, and
“imposed sampling” refers to the imposed nasal airﬂow in
anesthetized animals.
Experiment 1: Effects of Sampling Frequency and Flow-rate
Variations on Bulbar Activity
Our aim in Experiment 1 was to answer two questions: does
a high sampling frequency modify the strength and/or latency
of the bulbar response? If so, can a higher ﬂow rate counter-
balance the effects of high frequency?
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In Experiment 1, 10 anesthetized rats were used. As shown
in Fig. 1A, OB activity was recorded under six different
imposed sampling frequencies: 1 Hz, basal (the animal’s own
respiratory frequency under urethane anesthesia; mean  2.3
Hz  0.02), 4 Hz, 6 Hz, 8 Hz, and 10 Hz. These frequency
conditions were coupled with two ﬂow-rate conditions: 500
ml/min and 1,000 ml/min (Fig. 1A). When possible, two odors
were used: K07 and ISO. The 243 trials recorded from 10 rats
were included in the analyses.
Effects of sampling frequency and ﬂow rate on the strength
of the bulbar response: ﬂow rate partially counterbalances the
decrease in response strength caused by reduced inspiratory
duration. The strength of the bulbar response was measured via
three different signals in the anesthetized rats: LFP sampling-
related modulation, LFP -oscillations, and unitary M/T cell
activity.
LFP SAMPLING-RELATED MODULATION IN THE ANESTHETIZED PREP-
ARATION. During spontaneous activity, the occurrence of LFP
sampling-related modulation decreased signiﬁcantly when the
sampling frequency increased, whereas increased ﬂow rate
globally enhanced LFP occurrence (data not shown). During
odor presentation, LFP sampling-related modulation was ob-
served universally, with a markedly higher power in the sam-
pling-related frequency band in the FFT. We analyzed the
amplitude of LFP sampling-related modulation during odor
presentation as a function of the imposed sampling frequency
(Fig. 1). As the sampling frequency increased (Fig. 1, B and
D), the amplitude of LFP sampling-related modulation de-
creased signiﬁcantly [repeated-measures ANOVA, n  228, F
(5,90)  21.155, P  0.0001]. This decrease was probably the
result of a decrease in the sampling volume (Fig. 1A) rather
than the result of a possible uncoupling between bulbar activity
and imposed sampling at high sampling frequencies. Indeed, as
shown in Fig. 1C, regardless of the frequency, the cross-
correlation coefﬁcients did not vary signiﬁcantly as a function
of frequency, except in the 1-Hz condition [Fig. 1C; repeated-
measures ANOVA, n  228, F (5,90)  5.292, P  0.001;
post hoc Student-Newman-Keuls test, P  0.05]. In contrast,
an increase in ﬂow rate resulted in an increase in the amplitude
of LFP sampling-related modulation [repeated-measures
ANOVA, n  228, F (1,18)  12.861, P  0.01; Fig. 1B].
Indeed, a post hoc test revealed a signiﬁcant effect (P  0.05)
at the basal, 4 Hz, 8 Hz, and 10 Hz frequencies and a similar
tendency at 6 Hz (P  0.087). An increased ﬂow rate slightly
improved the cross-correlation coefﬁcient [repeated measures
ANOVA, n  228, F (1,18)  6.703, P  0.05; Fig. 1C].
With the use of these data, we were able to compare the
amplitude of LFP sampling-related modulation between two
conditions; for example, we compared the LFP amplitude
between the basal/500-ml/min condition and the 6-Hz/1,000-
ml/min condition. Interestingly, the amplitude of LFP sam-
pling-related modulation was similar in both conditions (t-test,
P  0.05). The same observation was obtained for the 4-Hz/
500-ml/min and 8-Hz/1,000-ml/min conditions, which shows
that a high ﬂow rate can compensate for the effects of high
sampling frequency.
Finally, LFP sampling-related modulation still persisted at
high sampling frequencies and was at least partially enhanced
by an increased ﬂow rate.
LFP: -OSCILLATIONS IN THE ANESTHETIZED PREPARATION. With
the use of our double-cannulated anesthetized preparation, we
next assessed the effects of imposed sampling variations on
LFP -oscillations. We ﬁrst looked at the -occurrence during
the entire period of odorant stimulation (the -occurrence was
deﬁned as the probability of observing a -burst, irrespective
of the number of oscillatory bursts occurring during odorant
stimulation). The -oscillation occurrence did not seem to be
strongly affected by variations in the sampling frequency.
Indeed, as shown in Fig. 2A, we only observed a slight
decrease in the -oscillation in response to increased sampling
frequency, and the only signiﬁcant difference was between 1
Hz (occurrence  68%) and 10 Hz [35%, 2 (1)  4.356, P 
0.05]. In contrast, the occurrence of -oscillations was some-
what increased by an increased ﬂow rate [2 (1)  4.31, P 
0.05]. There was no signiﬁcant difference between the basal/
500-ml/min and the 6-Hz/1,000-ml/min combinations or be-
tween the 4-Hz/500-ml/min and 8-Hz/1,000-ml/min combina-
tions (2 test, P  0.05). Thus increased ﬂow rate partly
counterbalances the effect of high frequency, and this effect
was most apparent at the highest sampling frequency. Al-
though the global -occurrence was only slightly modiﬁed by
the sampling frequency, we observed a change in the proba-
bility of -burst recurrence at each sampling cycle. Indeed, as
Fig. 2, B1 and B2, shows, the -recurrence decreased signiﬁ-
cantly when the sampling frequency increased [ANOVA, F
(5,137)  27.505, P  0.0001]. Notably, the -recurrence was
higher at 1 Hz than at all other frequencies and higher at the
basal frequency than at 6 Hz, 8 Hz, or 10 Hz (post hoc
Student-Newman-Keuls test, P  0.05). This decrease in the
-recurrence was not signiﬁcantly compensated for an in-
creased ﬂow rate [ANOVA, F (1,137)  0.323, P  0.57].
Indeed, a comparison of the basal/500-ml/min with the 6-Hz/
1,000-ml/min combination or the 4-Hz/500-ml/min with the
8-Hz/1,000-ml/min combination revealed that the -recurrence
was signiﬁcantly higher at the low sampling frequencies and
was not counterbalanced by increased ﬂow rate.
The decrease in -occurrence or recurrence was not caused
by a detection bias, which could have been introduced by a
decrease in the amplitude of -oscillations. Indeed, intrinsic
-characteristics were affected little or not at all by the fre-
quency and ﬂow rate; neither -power [data not shown;
ANOVA -power: frequency F (5,137)  0.801, P  0.55;
ﬂow rate F (1,137)  0.0001, P  0.992] nor -frequency
[ANOVA -frequency: frequency F (5,137)  0.57, P  0.72;
ﬂow rate F (1,137)  0.7, P  0.4] was affected by the
sampling frequency or ﬂow rate. Only the -duration was
affected by the sampling frequency; the duration of -bursts
was signiﬁcantly longer at 1 Hz than at basal frequency, 4 Hz,
or 8 Hz [ANOVA -duration: frequency F (5,137)  3.970,
P  0.01; ﬂow rate F (1,137)  0.477, P  0.49, post hoc
Student-Newman-Keuls test].
Finally, the occurrence of LFP -oscillations decreased
when the sampling frequency increased, and a higher ﬂow rate
compensated for this effect to some extent. To gain further
insight into the inﬂuence of sampling variations, we next
looked at the OB unitary level.
UNITS IN THE ANESTHETIZED EXPERIMENTAL PREPARATION: SAM-
PLING-RELATED PATTERNS OF M/T CELLS PERSIST AT HIGH SAMPLING
FREQUENCIES. In total, 18 M/T cells were recorded, with 29
neuron/odor pairs recorded from 10 rats. We measured the
percentage of responding cells at each frequency and ﬂow rate
condition. Regardless of sampling variation, the responsive-
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ness of M/T cells to odor was stable and ranged from 69% to
84% (data not shown). We observed a slight increase in cell
responsiveness to odor when the ﬂow rate was increased. It has
been shown by others that M/T units in behaving rodents tend
to lose their respiration-related patterning during rapid sam-
pling (Bhalla and Bower 1997; Kay and Laurent 1999; Pager
1985; Rinberg et al. 2006a). Surprisingly, we observed that
M/T cells still manifested a sampling-related pattern at high
sampling frequencies (Fig. 3B), which conﬁrms the recent
results obtained by Carey and Wachowiak (2011). For exam-
ple, under the 10-Hz and 1,000-ml/min conditions, we ob-
served that 52.4% of cells exhibited sampling-related activity.
By plotting M/T cell-spike discharges relative to the animal’s
respiratory cycle, we found that the rhythmicity of M/T cells
was effectively linked to the imposed sampling and not to the
animal’s own respiration (data not shown). In addition to the
strong persistence of the sampling-related rhythmicity of M/T
cells, we observed that increased sampling frequency led to a
progressive decrease in the percentage of cells exhibiting a
SYNCHRO pattern from 83.3% in the basal condition to
33.3% in the 10-Hz condition (at 500 mL/min; Fig. 3B).
Conversely, an increase in the ﬂow rate (1,000 mL/min)
improved these percentages [2 (1)  6.786, P  0.01].
Indeed, at a high ﬂow rate, 50% of the SYNCHRO patterns
persisted, regardless of the sampling frequency (Fig. 3B).
Moreover, there was no signiﬁcant difference between the
basal/500-ml/min and the 6-Hz/1,000-ml/min combinations or
between the 4-Hz/500-ml/min and 8-Hz/1,000-ml/min combi-
nations. Thus a higher ﬂow rate partially counterbalanced the
inﬂuence of a high sampling frequency.
We then quantiﬁed the phase of the M/T cell discharge
according to the sampling cycle, which revealed a cell dis-
charge phase-shift when the sampling frequency increased
(Fig. 3A, all cells; Fig. 3C, single cell). This phase-shift was
observed in all cells whose SYNCHRO activity persisted over
a wide range of frequencies. The phase of the spikes respective
to the imposed sampling cycle shifted later in the sampling
cycle when the frequency increased. This phase-shift was also
observed relative to the LFP sampling-related modulation (data
not shown).
To summarize, when the sampling frequency increased, the
probability of SYNCHRO patterns decreased, and this ten-
dency could be counterbalanced by a higher ﬂow rate. The
sampling frequency also affected the phase of spike discharge
relative to the imposed sampling cycle. Next, we asked
whether the sampling variation also affects M/T cell response
latency.
Effects of sampling frequency and ﬂow rate on the latency of
bulbar responses: increased ﬂow rate but not increased sam-
pling frequency decreases the M/T cell response latency. Wes-
son et al. (2009) showed that the olfactory receptor neurons
onset latencies from high frequency snifﬁng trials were signif-
icantly shorter than those from low frequency trials. Can a
shortening of latencies be similarly observed in the M/T cell
response? To address this question, we needed to analyze an
event with a precise latency. We thus focused our analysis on
the latency of the ﬁrst spike, which is a discrete event. Numer-
ous authors have highlighted the importance of spike latency in
odor coding (Cury and Uchida 2010; Junek et al. 2010). For
this purpose, we measured the latency of the ﬁrst spike relative
to the beginning of the ﬁrst inspiration after odor onset, as
described by others (Cury and Uchida 2010; Wesson et al.
2009) (Fig. 4A). Because we were interested in a short-lived
event, we restricted the analysis window to 1 s, as the minimum
sampling frequency was 1 Hz. Surprisingly, we did not detect a
signiﬁcant effect of sampling frequency on ﬁrst spike latency [Fig.
Fig. 2. -Oscillations still appear at high sampling frequencies,
but their recurrence over sampling cycles decreases. The occur-
rence of -oscillations was only slightly affected by the sam-
pling frequency, but it was more dependent on ﬂow rate. A: a
plot of the percentage of trials where -oscillations occurred as
a function of the sampling frequency, and sampling ﬂow rate is
presented. Yellow, 1 Hz; orange, basal frequency; red, 4 Hz;
violet, 6 Hz; blue, 8 Hz; and black, 10 Hz. Number of trials
where -oscillations occurred at 500 ml/min: n  13, 13, 13,
13, 11, and 7 for 1 Hz, basal frequency, 4 Hz, 6 Hz, 8 Hz, and
10 Hz, respectively. Number of trials at 1,000 ml/min: n  15,
16, 13, 11, 12, and 12 for 1 Hz, basal frequency, 4 Hz, 6 Hz, 8
Hz, and 10 Hz, respectively. Statistical test: 2; §P  0.05. The
difference at 500 ml/min between the 10-Hz and 1-Hz sampling
frequency conditions: *P 0.05. B1: the recurrence of -bursts
at each sampling cycle was affected by variations in the sam-
pling frequency. Plot of the mean (SE) number of -oscilla-
tory bursts/total number of sampling cycles as a function of the
sampling frequency and ﬂow rate. Gray, 500 ml/min ﬂow rate;
black, 1,000 ml/min ﬂow rate. Number of trials at 500 ml/min:
n  13, 13, 13, 13, 11, and 7 for 1 Hz, basal frequency, 4 Hz,
6 Hz, 8 Hz, and 10 Hz, respectively. Number of trials at 1,000
ml/min: n  15, 16, 13, 11, 12, and 12 for 1 Hz, basal, 4 Hz, 6
Hz, 8 Hz, and 10 Hz, respectively. Statistical test: factorial
ANOVA; *P  0.05 (top), difference between 1 Hz and all
other frequencies; *P  0.05 (bottom), difference between
basal and 6 Hz, 8 Hz, and 10 Hz. ns, Not signiﬁcant.
B2: examples of 2 raw data sets recorded from the same channel
under basal and 6 Hz sampling frequency conditions (at a ﬁxed
ﬂow rate of 1,000 ml/min). *Occurrence of -oscillations.
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4, B1 and B2; ANOVA, n  229, F (5,217)  0.671, P  0.64].
In contrast, an increase in the ﬂow rate led to a signiﬁcant
shortening of ﬁrst spike latency [Fig. 4, B1 and B2; ANOVA, n
229, F (1,217)  8.442, P  0.01]. The mean of the ﬁrst spike
latency shifted from 179 ms to 119 ms when the ﬂow rate was
increased from 500 to 1,000 ml/min (Fig. 4B2). These results
show that a higher ﬂow rate, but not a higher sampling frequency,
decreased the latency of the bulbar response.
Fig. 3. Sampling patterns persist at high sampling frequencies. A: representation of the activities of the whole population of mitral/tufted (M/T) cells relative to
the imposed sampling cycle. Dots represent 1/interspike interval of all units relative to their sampling phase. The sampling cycle is depicted between 0 and 1,
where 0 represents the beginning of inspiration, and 0.5 represents the transition between inspiration/expiration (red bar). The pink line represents the 50th
percentile. B: percentage of sampling-related M/T cell patterns as a function of the imposed sampling frequency and ﬂow rate (yellow, 1 Hz; orange, basal
frequency; red, 4 Hz; violet, 6 Hz; blue, 8 Hz; black, 10 Hz). Number of neuron/odor pairs at 500 ml/min: 20, 18, 21, 23, 18, and 18 for 1 Hz, basal frequency,
4 Hz, 6 Hz, 8 Hz, and 10 Hz, respectively. Number of neuron/odor pairs at 1,000 ml/min: 20, 20, 19, 20, 19, and 21 for 1 Hz, basal, 4 Hz, 6 Hz, 8 Hz, and 10
Hz, respectively. Statistical test: 2, §§global effect of ﬂow rate (P  0.01). Effect of frequency under 500 ml/min ﬂow-rate condition: 10 Hz vs. Basal (**P 
0.01), 10 Hz vs. 4 Hz (*P  0.05). Under 1,000 ml/min condition: 10 Hz vs. Basal (**p  0.01), 10 Hz vs. 4 Hz (*P  0.05). SYNCHRO, Spiking discharge
presented synchronized activity relative to the imposed sampling cycle. C: example of the cellular activity occurring during odor presentation showing a
phase-shift of the spike discharge as a function of the sampling frequency. Flow rate: 500 ml/min for all frequencies. The circular diagram depicts a sampling
cycle. The M/T cell spike discharge is presented relative to the sampling cycle. Examples of M/T cell discharges at 500 ml/min under the 6 sampling frequencies.
Colors/frequencies are the same as in B. The dotted lines represent the total discharge of the cell under each sampling frequency. The solid lines represent the
mean direction of the M/T cell spike discharge relative to the circular diagram.
Fig. 4. Sampling stronger but not sampling faster decreases the olfactory bulb (OB) response. A: ﬁrst spike latency is deﬁned as the ﬁrst spike following the ﬁrst
inspiration after odor onset. B1: mean (SE) ﬁrst spike latencies are presented as a function of sampling frequency and ﬂow rate (gray, 500 ml/min; black, 1,000
ml/min). Statistical test: factorial ANOVA, §§P  0.01. B2: mean ﬁrst spike latency (all frequencies averaged) for ﬂow rates of 500 ml/min (gray) and 1,000
ml/min (black); ANOVA, §§P  0.01.
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To determine the joint effects of snifﬁng frequency and ﬂow
rate, we next looked at how these two parameters evolve in
behaving animals and how they change relative to one another.
Experiment 2: Relationship Between Snifﬁng Frequency and
Flow Rate in Behaving Animals
To precisely analyze the snifﬁng behavior of freely moving
rats, we used a whole-body plethysmograph. Analyses were
performed on six rats. Snifﬁng behavior was well described by
Welker (1964) and then by Youngentob et al. (1987). Our aim
here was not to describe the different snifﬁng characteristics, as
Walker et al. (1997) did previously; rather, our goal was to
analyze the relationship between the frequency and ﬂow rate.
First, as described by others (Cury and Uchida 2010; Wesson
et al. 2008a), we observed that the distribution of snifﬁng
frequencies was bimodal (Fig. 5, A and B) and reﬂected the
prevalence of two respiration modes: a low frequency mode
(1–3 Hz) and a high frequency mode (6–10 Hz). To determine
whether the frequencies and ﬂow rates covaried, we looked for
correlations between the instantaneous snifﬁng frequency and
the peak ﬂow rates during both expiration and inspiration
phases. We observed that the snifﬁng frequency and peak ﬂow
rate varied in parallel. Indeed, the correlation between the
snifﬁng frequency and expiration peak ﬂow rate was signiﬁcant
(r 0.446, P 0.0001, n 41,717). Similarly, the correlation
between the snifﬁng frequency and inspiration peak ﬂow rate
was highly signiﬁcant (r  0.515, P  0.0001, n  41,717).
The same observations were obtained when the durations of
inspiration and expiration were analyzed as a function of peak
ﬂow rate. As the duration decreased (i.e., snifﬁng frequency
increased), the peak ﬂow rate increased (for the expiration
phase, r  0.461, P  0.0001; for the inspiration phase, r 
0.564, P  0.0001, n  41,717; the inspiration and expira-
tion durations were examined independently). Thus the snifﬁng
frequency and ﬂow rate can covary in freely moving animals.
To compare these data with our electrophysiological data, we
merged all of the individual frequencies into six classes cor-
responding to the six sampling frequencies imposed in our
anesthetized preparation (0.1 Hz): 1 Hz, 2 Hz, 4 Hz, 6 Hz, 8
Hz, and 10 Hz. The results are presented in Fig. 5, C1 and C2.
The data conﬁrm that an increase in snifﬁng frequency was
associated with a signiﬁcant increase in both expiratory peak
ﬂow rate [Fig. 5C1; ANOVA, F (5,4,051)  191.974, P 
0.0001; post hoc Student-Newman-Keuls test, P  0.05] and
inspiratory ﬂow rate [Fig. 5C2; ANOVA, F (5,4,051) 
314.645, P  0.0001]. The inspiratory peak ﬂow rate was
different between each snifﬁng frequency, except between 6
Hz and 8 Hz (post hoc Student-Newman-Keuls test, P 0.05).
Volume is an important element affected by snifﬁng ﬂow rate
and frequency. We asked whether an increase in ﬂow rate
could maintain constancy for volume. As shown in Fig. 5, D1
and D2, as the snifﬁng frequency increased, the volume sig-
niﬁcantly decreased during both the expiration [Fig. 5D1;
ANOVA, F (5,4,051) 273.75, P 0.0001; post hoc Student-
Newman-Keuls test, P  0.05] and the inspiration [Fig. 5D2;
ANOVA, F (5,4,051)  311.843, P  0.0001] phase. Overall,
our results show that when the snifﬁng frequency increases,
there is a concomitant increase in ﬂow rate in the behaving
animal. This tradeoff does not allow the snifﬁng volume to
remain constant. We ﬁnally asked whether the persistence of
LFP sampling-related modulation could be an effect of anes-
thesia resulting from the imbalance between the peripheral and
central inﬂuences.
Experiment 3: LFP Sampling-Related Modulation Persists at
a High Sampling Frequency in the Awake
Experimental Preparation
We recorded LFP in the OB and snifﬁng activity in two
awake rats (Fig. 6A). LFP activity in the OB of awake rats has
been well described by numerous authors (Freeman 1978; Kay
2005; Martin et al. 2004). Although these authors described a
-rhythm (4–12 Hz) in the OB, none concomitantly recorded
the snifﬁng behavior. We observed that sampling-related mod-
ulation was still present in the LFP signal regardless of the
animal’s sampling frequency (Fig. 6, B1 and B2). LFP sam-
pling-related modulation and animal respiration were tightly
related, and the TFRs of both signals were superimposable
(Fig. 6, B1 and B2). Interestingly, abrupt variations in the
snifﬁng frequency were strictly reﬂected by the LFP activity.
Therefore, even in a preparation where central control was not
depressed, the LFP signals accurately followed the snifﬁng
modulation up to frequencies as high as 10 Hz, as shown in
Fig. 6B2.
Overall, the results show that LFP sampling-related modulation
persists at high sampling frequencies in anesthetized and awake rats.
DISCUSSION
Sampling is not only a simple vector for odor molecules but
also plays a role in olfactory processing (Mainland and Sobel
2006). Sampling can vary in frequency and ﬂow rate (Youn-
gentob et al. 1987), and the question of how sampling variations
affect the activity of the olfactory system is a subject of growing
interest. In this study, we asked two major questions: what are the
effects of high sampling frequency on OB activity at the levels of
M/T cell and network activities? Can sampling ﬂow rate compen-
sate for these effects? We observed a tradeoff effect between
sampling frequency and ﬂow rate on some bulbar activity fea-
tures. This tradeoff allows OB activity to maintain a sampling-
related rhythmicity and induces faster odor-evoked responses, and
it is used effectively in awake animals, in which we observed that
frequency and ﬂow rate often co-increase. To our knowledge, our
study is the ﬁrst to report that the sampling frequency and ﬂow
rate can act either independently or synergistically on bulbar
output to shape the neuronal message.
Sampling-Related Activity is Maintained at High
Sampling Frequencies
We observed that OB sampling-related modulation persisted
at high sampling frequencies, although it was weakened (Figs.
1–3). This ﬁnding is in agreement with previous studies on
olfactory epithelium (Ezeh et al. 1995; Ghatpande and Reisert
2011), glomerular (Spors et al. 2006), and M/T cell activity
(Bhalla and Bower 1997; Carey and Wachowiak 2011). The
effects of high sampling frequency are probably the result of a
decrease in the duration of inspiration, which in turn, results in
decreased activation of the olfactory epithelium. If this is true,
then we can hypothesize that an increased ﬂow rate would
compensate for this effect. We observed that increased ﬂow
rate compensated, to some extent, for the effects of high
sampling frequency by enhancing LFP sampling-related mod-
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ulation, -occurrence, and synchronized patterns in M/T cells.
The only partial compensation of ﬂow rate for the effects of
increased frequency is probably because of the loss of volume
at higher snifﬁng frequency (Fig. 1A). Regardless, the in-
creased ﬂow rate allows the OB activity to maintain a sam-
pling-related rhythmicity at high sampling frequencies. This
ﬁnding was obtained in both the anesthetized and awake
preparation (Figs. 5 and 6), and this persistence is likely to be
important in terms of inter-area communication (for review,
see Kepecs et al. 2006). Indeed, the sampling rhythm is in the
Fig. 5. Snifﬁng frequency and ﬂow rate signiﬁcantly covary in freely moving rats. A: distribution of the snifﬁng frequencies. Note the bimodal nature of the
distribution. B: example of the raw snifﬁng frequency data recorded by plethysmograph. The horizontal black bar corresponds to the point of null airﬂow in the
rising phase; the negative and positive phases correspond to inspiration and expiration, respectively. We note that snifﬁng behavior shifts quickly from a low
to high frequency mode and vice versa. C: box plot representing expiratory (C1) and inspiratory (C2) peak ﬂow rates as a function of the snifﬁng frequency range
(0.1). For both the expiratory and inspiratory phases, n  266, 1,083, 503, 649, 981, and 575 for 1 Hz, 2 Hz, 4 Hz, 6 Hz, 8 Hz, and 10 Hz, respectively.
Statistical test: factorial ANOVA with post hoc Student-Newman-Keuls test; *P  0.05. The inspiratory ﬂow rates at 6 Hz and 8 Hz were not signiﬁcantly
different, but both were different from the ﬂow rates at 1 Hz, 2 Hz, 4 Hz, and 10 Hz; #P  0.05. D: box plot representing the expiratory (D1) and inspiratory
(D2) volumes as a function of the snifﬁng frequency range (0.1). For both the expiratory and inspiratory phases, n  266, 1,083, 503, 649, 981, and 575 for
1 Hz, 2 Hz, 4 Hz, 6 Hz, 8 Hz, and 10 Hz, respectively. Statistical test: factorial ANOVA with post hoc Student-Newman-Keuls test; *P  0.05. The inspiratory
ﬂow rate under the 4 Hz and 6 Hz conditions and the 6 Hz and 8 Hz conditions were not signiﬁcantly different, but both were different from the ﬂow rates at
the other frequencies; #P  0.05.
2821EFFECTS OF SNIFFING FREQUENCY AND FLOW RATE ON OB OUTPUT
J Neurophysiol • VOL 106 • DECEMBER 2011 • www.jn.org
Page | 99
-band (4–12 Hz), and -rhythms have been described in
systems closely related to or involved in olfactory processing,
such as the whiskers (Sobolewski et al. 2011) and the limbic
system (Bland 1986; Buzsáki 2002; Komisaruk 1970; Mac-
rides et al. 1982; Vanderwolf 1969). Moreover, the coherence
between OB and hippocampal -oscillations has been found to
be signiﬁcant only during odor sampling (Kay 2005). Interest-
ingly, the cerebellum, which is activated by snifﬁng (Sobel et
al. 1998) and has been implicated in breathing control (Cole-
batch et al. 1991), has been shown to express -rhythms
(Wikgren et al. 2010). -Rhythms could thus permit the trans-
mission of olfactory information among the olfactory, limbic,
and cerebellar structures and could thus be the basis for the
rapid feedback of the olfactory system on sampling control
(Johnson et al. 2003). In this view, the maintenance of a
sampling-related rhythm represents a key mechanism.
Increased Sampling Flow Rate But Not Increased Sampling
Frequency Shortens the OB Response Latency
Multiple psychophysical studies have noted the speed of
olfactory discrimination in rodents (Abraham et al. 2004;
Rinberg et al. 2006b; Uchida and Mainen 2003), which indi-
cates rapid olfactory processing. We could think that a high
sampling frequency would reduce the latency of the bulbar
response. Although Wesson et al. (2009) showed that this holds
true for neuroreceptor responses in awake animals, we ob-
served that a high sampling frequency did not signiﬁcantly
impact the latency of the M/T cell response. Our observation is
in agreement with the studies by Carey and Wachowiak (2011)
and Spors et al. (2006). More interestingly, we observed that
the M/T cell response latency can be reduced by increasing the
ﬂow rate. Whereas other authors have shown that increasing
odor concentration decreases the M/T cell-ﬁring latency (Cang
and Isaacson 2003; Wellis et al. 1989), this is the ﬁrst evidence
to show that a sampling parameter alone (i.e., ﬂow rate) can
impact the M/T cell response latency. This result may reconcile
the data of Wesson et al. (2009) with ours, because they did not
specify whether a high sampling frequency was associated with
an increase in ﬂow rate in their preparation. Because discrim-
ination can be achieved in 500 ms (Abraham et al. 2004;
Rinberg et al. 2006b; Uchida and Mainen 2003), the olfactory
system must operate on a rapid timescale to provide a quick
response. We demonstrated that it is possible to shorten the OB
response latency by increasing the sampling ﬂow rate.
We observed a minimal and constant OB response latency
regardless of the sampling frequency. Multiple arguments,
which are not mutually exclusive, can be proposed to explain
this latency. First, there is an incompressible time period that
corresponds to information transduction in the olfactory epi-
thelium and/or conduction to the OB (Grosmaitre et al. 2006;
Kleene 2008). Second, the shortness of inspiration at a high
sampling frequency might need to be compensated for by the
cumulative effect of several cycles of olfactory epithelium
activation. Furthermore, this constant latency is probably re-
lated to the observed phase-shift in the synchronized pattern
relative to the imposed sampling cycle. Because odor onset and
odor response latency were ﬁxed, whereas the sampling fre-
quency increased, the ﬁrst M/T cell spike was shifted relative
to the imposed sampling cycle. This is a possible explanation,
and it does not exclude the alternatives, such as a differential
odorant deposition, as a function of sampling frequency (Jiang
and Zhao 2010). This observed shift could also be the result of
a modulation of granular inhibition induced by stimulus fre-
quency (Young and Wilson 1999) or excitatory centrifugal
input (Balu et al. 2007). A phase-shift of M/T cell discharge
could have important consequences for downstream area read-
ing, for example, by changing the respiratory phase of piriform
cortex cells (Litaudon et al. 2003; Wilson 1998). The phase-
shift of the M/T cell discharge could encode a stimulus param-
eter, such as a change in sampling frequency or a change in
stimulus concentration because of the reduced inspiration time
(Kepecs et al. 2006).
Different Snifﬁng Strategies Right Under The Nose
The last part of our results (Fig. 5) shows a co-increase between
the sampling frequency and ﬂow rate with a correlation of up to
0.5. This result also means that other strategies could exist, such
as combinations of low ﬂow rate/high sampling frequency or high
ﬂow rate/low frequency. Moreover, previous studies have shown
that snifﬁng varies depending on the task (Kepecs et al. 2007;
Wesson et al. 2008b; Youngentob et al. 1987). Thus an animal has
the ability to combine various snifﬁng parameters differently
according to the task and/or environment, which likely confers an
important degree of adaptability to the olfactory system. As
Fig. 6. LFP and snifﬁng recordings in awake rats. A: picture
of a rat in the plethysmograph chamber with a telemetry
emitter. B1: example of a snifﬁng recording and an OB LFP
recording in 1 rat. From top to bottom: snifﬁng signals
measured by the plethysmograph (emka Technologies); a
representation of this raw signal on a time-frequency map;
raw data showing LFP bulbar activity; and the associated
time-frequency representation (TFR). In the TFRs, ampli-
tudes are color-coded in arbitrary units. B2: same as B1; an
example of a recording in the other rat with a snifﬁng
frequency of up to 10 Hz.
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suggested by Schoenfeld and Cleland (2005, 2006), sampling can
improve olfactory capabilities by allowing the optimization of the
deposition of odor molecules through the olfactory epithelium.
Further studies using behaving animals will be required to gain
insight into how the olfactory system can control snifﬁng and to
provide evidence for an olfactory motor act.
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Corrigendum
Volume 106, December 2011
Courtiol et al. Individual and synergistic effects of snifﬁng frequency and ﬂow rate on olfactory bulb
activity. J Neurophysiol 106: 2813–2824, 2011; doi:10.1152/jn.00672.2011; http://jn.physiology.org/
content/106/6/2813.full.
We now substitute the original incorrect Fig. 1 with the correct ﬁgure. The legend remains the
same as originally published. The results and conclusions of this study stand.
Fig. 1. Although attenuated, the local ﬁeld potential (LFP) sampling-related rhythm persists at high sampling frequencies. A: imposed sampling conditions. Plots
of the imposed sampling volumes of an inspiration as a function of the imposed frequency and ﬂow rate. Six different nasal airﬂow frequencies of 1 Hz, basal
frequency (which is the respiratory frequency of a urethane-anesthetized rat; mean  2.3 Hz), 4 Hz, 6 Hz, 8 Hz, and 10 Hz and 2 nasal ﬂow rates of 500 ml/min
and 1,000 ml/min were imposed in a randomized procedure. B: plots of the mean amplitude of the LFP sampling-related modulation (SE) as a function of the
imposed frequency and ﬂow rate. Gray, 500 ml/min ﬂow rate; black, 1,000 ml/min ﬂow rate. The number of trials for each ﬂow rate and for each frequency was
19 (total  228). Statistical analyses were performed using the repeated-measures ANOVA test, which revealed a global effect of the frequency; P  0.0001.
According to the Newman-Keuls post hoc test: *signiﬁcant difference between 1 Hz and all other frequencies; #at 1,000 ml/min, there was no difference between
basal and 4 Hz, but both were signiﬁcantly different from 6 Hz, 8 Hz, and 10 Hz; ¤at 500 ml/min, there was no signiﬁcant difference between basal and 4 Hz,
but both were signiﬁcantly different from 8 Hz and 10 Hz; §§global ANOVA effect of ﬂow rate (P 0.01). A post hoc Newman-Keuls test revealed a signiﬁcant
effect of the ﬂow rate at basal, 4 Hz, 8 Hz, and 10 Hz (§) frequencies. C: mean cross-correlation coefﬁcients (SE) as a function of the imposed frequency and
ﬂow rate. The cross-correlation was assessed between the LFP sampling-related modulation and the imposed nasal airﬂow. Gray, 500 ml/min ﬂow rate; black,
1,000 ml/min ﬂow rate. The number of trials for each frequency and for each ﬂow rate was 19. Statistical analyses were performed using repeated-measures
ANOVA. The ANOVA revealed a global effect of frequency (P  0.001). *signiﬁcant difference between 1 Hz and all other frequencies when the Newman
post hoc test was applied (bottom); § (top) global ANOVA effect of ﬂow rate (P  0.05). A post hoc Newman-Keuls test revealed a signiﬁcant effect of the
ﬂow rate at 8 Hz (§ for both ﬂow rate conditions). D, left: examples of raw data for the LFP recorded from the same channel under 6 different sampling
frequencies at a ﬂow rate of 1,000 ml/min. Note the decrease in the slow LFP modulation amplitude and its persistence across the frequencies. Cross-correlograms
from the cross-correlation between the imposed sampling signals at 1,000 ml/min are presented on the right, and the corresponding raw data are on the left.
J Neurophysiol 107: 1045, 2012.
doi:10.1152/jn.z9k-1230-corr.2011.
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a b s t r a c t
In the rat olfactory bulb (OB), fast oscillations of the local ﬁeld potential (LFP) are observed during the
respiratory cycle. Gamma-range oscillations (40–90 Hz) occur at the end of inspiration, followed by
beta-range oscillations (15–30 Hz) during exhalation. These oscillations are highly stereotypical, and
their frequencies are stable under various conditions. In this study, we investigate the effect of stimulus
intensity on activity in the OB. Using a double-cannulation protocol, we showed that although the fre-
quency of the LFP oscillation does depend on the respiratory cycle phase, it is relatively independent
of the intensity of odorant stimulation. In contrast, we found that the individual ﬁring rate of mitral
OB cells dramatically changed with the intensity of the stimulation. This suggests that OB fast oscillation
parameters, particularly frequency, are fully determined by intrinsic OB network parameters. To test this
hypothesis, we explored a model of the OB where fast oscillations are generated by the interplay between
excitatory mitral/tufted cells and inhibitory granule cells with graded inhibition. We found that our
model has two distinct activity regimes depending on the amount of noise. In a low-noise regime, the
model displays oscillation in the beta range with a stable frequency across a wide range of excitatory
inputs. In a high-noise regime, the model displays oscillatory dynamics with irregular cell discharges
and fast oscillations, similar to what is observed during gamma oscillations but without stability of the
oscillation frequency with respect to the network external input. Simulations of the full model and the-
oretical studies of the network’s linear response show that the characteristics of the low-noise regime are
induced by non-linearities in the model, notably, the saturation of graded inhibition. Finally, we discuss
how this model can account for the experimentally observed stability of the oscillatory regimes.
 2011 Published by Elsevier Ltd.
1. Introduction
The rat olfactory bulb (OB) is a rich and complex sensory-pro-
cessing system where stimulus-induced activity can be observed,
including neural synchronization and oscillations of the Local Field
Potential (LFP). These properties are also found in other sensory
systems, and they are thought to be important for neural informa-
tion processing.
In vivo recordings in the mammalian OB have shown LFP oscil-
lations in different frequency bands: a slow rhythm that is tightly
linked to the animal’s respiratory rhythm (2–10 Hz), and two types
of fast oscillations in the beta (15–30 Hz) and gamma (40–90 Hz)
bands (for a review, see Gervais et al., 2007, or Kay et al., 2009).
Odor presentation to an animal activates the olfactory receptor
neurons (ORNs) in the nose, which project to the OB surface to dis-
crete units called glomeruli. ORN axons that converge to the same
glomerulus come from neurons with the same olfactory receptor
type. Each mitral cell, the principal OB output neurons, receives in-
puts from a single glomerulus. Due to the segregation of receptor
types, different odors activate different spatial maps of glomeruli
at the entrance of the OB. However, the presence of numerous
inhibitory interneurons in the OB induces a reorganization of this
spatial map and generates a mitral cell population output that is
modulated both spatially and temporally. The fast LFP oscillations
recorded in the bulb are a consequence of this temporal reorgani-
zation. Moreover, it has been shown that beta and gamma oscilla-
tion occurrence and parameters are modulated by the physical
properties of the stimulus (Cenier et al., 2008) and by the state
(Freeman and Schneider, 1982) and experience (Ravel et al.,
2003) of the animal. These experiments suggest that LFP
oscillations may have functional consequences on odor coding
and need to be better understood.
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Indeed, although fast OB oscillations have long been recorded,
their mechanisms and functional implication are still highly de-
bated. It is now widely accepted that gamma OB oscillations origi-
nate from the interplay between mitral cells and granule cells, the
main class of OB inhibitory interneurons (Lagier et al., 2004).
Although the origin of beta oscillations is less clear, the fact that
the occurrence of beta and gammaoscillations ismutually exclusive
suggests that they could have a common generation mechanism.
Mitral and granule cells interact via a dendro-dendritic synapse,
where both excitation from mitral to granule cells and inhibition
from granule to mitral cells occur. Because of their long secondary
dendrites,mitral cells can interactwith a large populationof granule
cells over long distances in the OB. The interaction between a given
pair ofmitral-granule cells is notwell known, but the global effect of
granule population on a mitral cell has been well studied (Isaacson
and Strowbridge, 1998; Urban and Sakmann, 2002). Interestingly,
it has been shown that granule cells can inhibit mitral cells without
emitting spikes (Lagier et al., 2004; Egger et al., 2005) and that gran-
ule cell inhibition is, at least in part, a graded inhibition, which can
lead to original oscillatory dynamics (Brea et al., 2009).
In this study, we combined both experimental recordings and
computer models to explore the characteristics of fast OB oscilla-
tions in anesthetized animals. In particular, by artiﬁcially manipu-
lating the animal’s respiratory air ﬂow intensity, we looked at the
consequences of stimulus intensity changes on OB dynamics. We
observed a stability of oscillation parameters, particularly the aver-
age frequencies,which led us tohypothesize that oscillationdynam-
ics are primarily determined by OB network parameters. We
investigated this hypothesis using a simpliﬁed, but biologically real-
istic, OB model. We explored the oscillatory regimes displayed by
the model and investigated to what extent they are independent
from stimulus intensity.
2. Material and methods
2.1. Animal preparation and electrophysiology
Experimental methods were the same as described in a previous
study (Courtiol et al., 2011) and will therefore only be brieﬂy sum-
marized here. Male Wistar rats (200–450 g) obtained from Janvier
(Le Genest-Saint-Isle, France) were anesthetized with urethane
(1.5 g/kg, i.p., with additional supplements as needed) and placed
in a stereotaxic apparatus. All surgical procedures were conducted
in strict accordance with the European Community Council direc-
tive of November 24, 1986 (86/609/EEC), as well as the guidelines
of the French Ethical Committee and French Legislation, and re-
ceived approval from the Lyon 1 University Ethics Committee
(direction of veterinary service number 69387473).
To mimic variations in the sensory input to the OB, we used a
double cannulation protocol, which allows us to uncouple odorant
stimulation from the animal’s breathing. A tracheotomy was per-
formed by inserting a cannula into the trachea, allowing the rat
to breathe freely, while a second cannula was inserted rostrally
through the larynx to the postnasal cavity. The latter allowed air
to be pushed and pulled through the nasal cavity. We simulated
respiratory cycles with a homemade apparatus (described in
Courtiol et al., 2011) that allows the reproduction of both the inha-
lation and exhalation phase. The user was able to choose the sim-
ulated airﬂow parameters (time course and rate). To maintain
physiological conditions as much as possible, the simulated airﬂow
was synchronized with the tracheal respiratory signal (recorded
simultaneously). We controlled airﬂow delivery using fast
response time airﬂow sensors (bidirectional micro bridge mass air-
ﬂow sensor, AWM 2000 series, Honeywell, see Roux et al., 2006).
We delivered odorant stimulation in three different ﬂow rate
conditions: low (200 ml/min), basal (500 ml/min) and high
(800 ml/min), resulting in a low, medium and high intensity of sen-
sory input, respectively. A 500 ml/min ﬂow rate was selected as the
basal ﬂow rate because it reproduced the bulbar LFP signal re-
sponse to isoamyl acetate (ISO) that is typically recorded under
anesthetized non-tracheotomized conditions.
Odors (Sigma Aldrich, Fluka) were delivered in a randomized
series through a dilution olfactometer (400 ml/min). The delivered
odors were ISO, 2-heptanone (K07), 1-decanol (A10) and p-Cymen
(CYM). We chose to stimulate animals with several odors in order
to increase the probability of a cell response. All odors were deliv-
ered in front of the animal’s nose at a fraction of 18% of the satu-
rated vapor pressure for 5 s.
Bulbar activity was recorded as a broadband signal (0.1 Hz to
5 kHz) using 16-channel silicon probes (NeuroNexus Technologies,
Ann Arbor, MI) with a homemade 16-channel DC ampliﬁer. Data
were digitally sampled at 10 kHz and acquired with a PC using
an IOTech acquisition system (Wavebook, IOTech Inc., Cleveland,
OH). Probes were placed in the lateral or medial part of the OB
close to the mitral cell layer.
2.2. Spike analysis
Signals from individual electrodes were ampliﬁed (gain 1000)
and band-pass ﬁltered in the 300–5000 Hz range. Multi-unit activ-
ity consisted of a few neurons on each electrode. We chose to use
only the well-distinguished units (with a signal-to-noise ra-
tio > 5:1) and to sort cells according to their spike amplitudes.
We veriﬁed that all sorted cells exhibited a refractory period of
at least 4 ms. Consequently, the number of units retained for anal-
ysis was restricted to 1 to 3 units per channel. We preferred to use
a very strict procedure that resulted in a limited number of units
but was also very conservative. This procedure allowed us to be
very conﬁdent in the quality of the sorting; all units were well iso-
lated, and there were no duplicates.
At each trial, a given cell was considered responsive to odor stim-
ulation if its ﬁring rate increased or decreased or if its patternwithin
the respiratory cycle changed (see Courtiol et al., 2011) for further
details.
2.3. LFP analysis
Wavelet transformed LFPs were obtained by band-pass ﬁltering
the recorded signal at 5–200 Hz. We previously developed an algo-
rithm (Roux et al., 2007) to extract phase information from the
identiﬁed oscillations in the signal. Brieﬂy, for each frequency band
of interest, we computed the mean and standard deviation (SD) of
the time–frequency map and deﬁned the threshold as the mean + 5
SDs of the time–frequency amplitude contained in the pre-stimu-
lus period (between 0 and 5 s). These thresholds were used to de-
ﬁne time and frequency boxes centered on the points of maximum
amplitude in the signal. In each box, we extracted a time–fre-
quency ridge line representing all parameters of the given oscilla-
tion (phase, frequency, amplitude, starting and ending times) as a
function of time. For fast LFP oscillations, the average duration
(ending time minus the starting time), frequency (at the maximum
value of the oscillatory burst) and amplitude in the OB were com-
pared between ﬂow rate conditions using the Wilcoxon paired test.
For all analyses, oscillation characteristics at the basal ﬂow rate
were taken as the reference point for comparisons. All data storage
and analyses were performed using OpenElectrophy software
(Garcia and Fourcaud-Trocme, 2009).
2.4. Olfactory bulb model
Our OB model was inspired by Brea et al. (2009). It consists of
NE = 100 mitral cells and a single granule cell with a graded
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inhibition. It describes a single OB glomerulus with its associated
mitral and granule cells rather than a full OB network. The use of
a single granule cell came from anatomical considerations (Egger
and Urban, 2006) and viral tracings (Willhite et al., 2006), which
suggest that mitral cells connected to the same glomerulus may
be linked to a local subset of the granule cell population with a
high level of connectivity. Due to the high degree of connectivity,
the local granule population can be reduced to a single granule cell.
Mitral cells were modeled according to Bathellier et al. (2006).1
Essentially, this is a single compartment model using the standard
Hodgkin–Huxley formalism. It includes fast sodium (INa) and fast de-
layed rectiﬁer potassium (IKf) currents, a slow inactivating K current
(A-current, IKA), a slow K current (IKs) and a persistent Na current
(INap). The interaction between IKs and INap creates a subthreshold
resonance similar to what has been observed experimentally. Note
that compared to Bathellier et al. we increased the IKs activation time
constant to sm,Ks = 18 ms. We used this parameter to decrease the
frequency of the mitral cell subthreshold resonance, bringing it clo-
ser to the beta frequency range. However, we found that this reso-
nance did not qualitatively affect our simulation results.
The granule cell is similar to a model previously used by Brea
et al. (2009). It includes passive dendritic and somatic
compartments:
Cm
dVS
dt
¼ gLðVS  ELÞ þ gSDðVD  VSÞ ð1Þ
Cm
dVD
dt
¼ gLðVD  ELÞ þ gDSðVS  VDÞ ð2Þ
where VS and VD are the somatic and dendritic membrane poten-
tials, Cm = 0.01 F m2, gL = 0.83 S m2 and EL = 70 mV. To model
the effect of the different sizes of the somatic and dendritic com-
partments, we used different coupling variables: gSD = 1 S m2 and
gDS = 300 S m2.
The dendrodendritic coupling between mitral and granule cells
is modeled by an excitatory coupling from mitral cells to the den-
dritic granule cell compartment and an inhibitory coupling in the
other direction. This induces both lateral and recurrent inhibition
of mitral cells, as observed in vitro (Urban and Sakmann, 2002).
Synaptic currents are given by
Isyn ¼ gsynsðVpost  VsynÞ ð3Þ
where Vpre and Vpost are the pre- and postsynaptic membrane poten-
tials, respectively, and s is a synaptic gating variable. Its dynamics
are governed by:
ds
dt
¼ að1 sÞT  bs ð4Þ
T ¼ 1
1þ exp  VpreVactr
  ð5Þ
Excitatory synapse parameters are aE = 10 ms1, bE = 1/3 ms1,
vVact,E = 0 mV, rE = 0.01 mV and VE = 0 mV. Depending on simula-
tions, we used either gE = 3.5 S m2 (high gE) or gE = 0.7 S m2 (low
gE). Inhibitory synapses parameters are aI = 5 ms1, bI = 1/10 ms1,
Vact,I = 66.4 mV, rI = 0.4 mV and VI = 70 mV. Unless otherwise
stated, we used gI = 10 S m2. The different values of Vact and r in-
duce a qualitative difference between excitation and inhibition.
Excitatory synapses need an input spike in order to open, and they
remain open only brieﬂy. In contrast, inhibitory synapses are graded
and slowly open as the granule dendritic potential VD increases; no
spike is needed to transmit inhibition. This difference models the
experimentally observed graded inhibition, which is partly due to
the fact that each mitral cell is connected to a large population of
granule cells (Kapoor and Urban, 2006) and to the fact that granule
cells can inhibit mitral cells without spiking.
The network receives an excitatory input, modeled by a noisy
conductance (gEin) injected into mitral cells (no external input is
provided to granule cells), given by:
sEin
dgEin
dt
¼ gEin;0  gEin þ rEingðtÞ ð6Þ
where sEin = 3 ms and g(t) is an independent white noise for each
mitral cell. We used either rEin ¼ 0:002 S m2 s12 (low noise) or
rEin ¼ 0:02 S m2 s12 (high noise), and gEin,0 was chosen from within
the range of 0.02–2.5 S m2. Note that during simulations, gEin sig-
nal was rectiﬁed to allow only non-negative values. Negative values
of gEin were replaced by 0. This had an effect only in the high noise
(high rEin) and low average input (low gEin,0) simulations.
Note that the similar input to all mitral cells is consistent with a
model that is closer to the description of a single glomerulus with
all mitral cells receiving input from the same olfactory receptor
neurons. It cannot reproduce the dynamics of a full OB model,
which should include differential spatial activation of mitral cells
as well as some spatial organization of the connectivity between
mitral and granule cells.
The network frequency f was determined as the frequency of
the maximum of the power spectral density of hsEi, i.e., sE averaged
across mitral cells. Basically, hsEi is a ﬁltered version of the mitral
cell population discharge. Both f and the mitral cell average ﬁring
rate, m0, were computed during a 1 s simulation period after an
equilibrium simulation time of 1 s.
Simulations were performed on a multicore standard x86 Linux
workstation using the Python neuron simulator, BRIAN (Goodman
and Brette, 2008).
2.5. Model linear response
We computed the network linear response using a mean ﬁeld
approach (Geisler et al., 2005). Brieﬂy, we assumed that the ﬁring
of mitral cells is a Poisson process, with a time-dependent rate m(t).
This ﬁring rate depends on the network input, gEin,0 and rEin, and on
the feedback loop. When the network enters an oscillatory regime,
if we assume that the oscillation amplitude is small and that all
oscillatory network variables stay in a linear regime, we can com-
pute the network frequency and gain. Practically, we write
m(t) = m0 + m1cos (2ipft) where f is the network frequency, m0 is the
average mitral ﬁring rate and m1 is the amplitude of the rate mod-
ulation. The linear response is then obtained by assuming m1  m0
and expanding all model equations at ﬁrst order in m1. The detailed
calculations are given in the appendix.
Analytical calculation of the linear response can be performed
only for the granule cell portion of the model; the linear response
of mitral cells, m1 as a function of sI,1 (modulation of the inhibitory
feedback) cannot be derived analytically due the complexity of the
mitral cell model. To compute the response for the whole network,
we computed the linear response of mitral cells numerically (e.g.,
see Fourcaud-Trocmé and Brunel (2005)).
Once the linear responses of all network variables are known, a
self-consistent equation linking the phase and the amplitude, m(t),
of the oscillation can be obtained, which yields a prediction of the
network’s frequency and gain.
3. Results
3.1. Stability of fast oscillations in vivo
In anesthetized rats, odor stimulations induced fast oscillations
of the OB LFP. In our typical experiments, gamma bursts occurred
1 ModelDB (http://senselab.med.yale.edu/ModelDb/default.asp) accession number:
91387.
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at the end of inhalation, when stimulus activation was maximal,
and beta bursts occurred during the exhalation phase, when stim-
ulus activation vanished (see Fig. 1). Gamma and beta bursts never
overlapped and were not present on each odor presentation. In-
deed, we have previously shown (Cenier et al., 2009) that in the
anesthetized rat, gamma and beta burst occurrence is random
and that their probability to occur during odor presentation pri-
marily depends on the odor’s physical properties. For this reason,
we used different odor stimuli (see the Material and Methods sec-
tion) to maximize the number of recorded oscillatory bursts in
each frequency band.
In parallel to odor presentation, we manipulated the stimulus
intensity by changing the nasal ﬂow rate (see details in the Mate-
rial and Methods section). We observed that the number of gamma
oscillatory bursts signiﬁcantly increased when the ﬂow rate was
increased (low vs. basal, p < 0.01; basal vs. high, p < 0.001, Wilco-
xon test), whereas the number of beta oscillatory bursts signiﬁ-
cantly decreased (low vs. basal, p < 0.001; basal vs. high,
p < 0.001, Wilcoxon test). However, the intrinsic characteristics of
the oscillations, such as duration, amplitude and frequency, were
not modiﬁed, except for the duration and amplitude of gamma
episodes, which signiﬁcantly decreased when ﬂow rate was de-
creased. Data are presented in Table 1. As observed previously
in vivo (Buonviso et al., 2003) or in vitro (Lagier et al., 2004), gam-
ma oscillatory episodes commonly displayed a slight decay of their
instantaneous frequency. This can be seen in the examples of Fig. 1.
Such decay was generally not observed during beta oscillations.
We quantiﬁed the average frequency decay during a single oscilla-
tion in Table 1.
Therefore, the intrinsic characteristics of LFP oscillations are
very stable. In particular, gamma and beta frequencies do not
change with sensory input intensity.
In contrast, such stability was not observed in the activity of
individual mitral cells. Indeed, we observed that a low ﬂow rate
induced a signiﬁcantly lower percentage of responsive mitral cells
(low: 66.7% vs. basal: 88.9%; v2 test, p < 0.05). No signiﬁcant differ-
ence was observed between basal and high ﬂow rate conditions
(basal: 88.9% vs. high 91.7% p > 0.05). Moreover, when comparing
the mean instantaneous ﬁring frequency under the three ﬂow rate
conditions, we observed that, whereas it reached 61.58 Hz and
Fig. 1. Examples of experimental recordings. (A) For the same electrode, raw LFP traces (upper panels) and corresponding time frequency plots (lower panels) in lower, basal
and high input ﬂow rate conditions (from left to right). We observed stable beta and gamma frequency ranges in all conditions but a change in oscillation occurrence (fewer
gamma oscillations and more beta oscillations at lower input ﬂow rates). (B) For a second electrode, raw LFP traces (upper panels) and high-pass ﬁltered LFP traces (>300 Hz,
lower panels). We observed an increase in multi-unit activity for higher input ﬂow rates.
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51.26 Hz under the basal and high ﬂow rate conditions, respec-
tively, it was signiﬁcantly decreased under the low ﬂow rate con-
dition (42.89 Hz).
3.2. Fast oscillations in an olfactory bulb model
Because we experimentally observed that fast oscillations are
stable for a wide range of stimuli, we hypothesized that fast oscil-
lation dynamics are largely determined by intrinsic network
parameters. Following this hypothesis, external network inputs
would have an effect on the speciﬁc oscillatory regime the network
settles into, but they would not inﬂuence its dynamics.
To test this hypothesis, we designed a simpliﬁed, but biologi-
cally realistic, OB network model (see Section 2). We tested how
it generated beta and gamma oscillations and what their sensitiv-
ities to external network input strengths were. Extensive simula-
tions conducted with our model led us to distinguish a low-noise
and a high-noise regime (depending on rEin, the amplitude of input
noise to mitral cells). These regimes are described in the following
sections.
3.2.1. Low-noise regime: stability of beta band oscillations
Fig. 2 shows two simulations of the network in the low- noise
regime, rEin ¼ 0:002 S m2 s12. In the upper panels, the mean excit-
atory input is relatively small (gEin,0 = 0.5 S m2), which yields an
average ﬁring rate of m0 = 4.6 Hz and a network oscillation fre-
quency of f = 33 Hz. In the lower panels, we increased the excit-
atory input to gEin,0 = 0.9 S m2. This resulted in a ﬁring rate of
m0 = 13.3 Hz and a network oscillation frequency of f = 28.1 Hz.
Interestingly, whereas the doubling of the excitatory drive to the
network caused a similar doubling of the mitral cell average ﬁring
rate, the network frequency remained more or less stable.
A closer look at the simulation allowed us to explain this phe-
nomenon. In Fig. 2A, the raster plot shows that only a small num-
ber of mitral cells discharge on each cycle, but this is sufﬁcient to
saturate the graded inhibitory synapse coefﬁcient (red traces in
the left panels) and, therefore, is sufﬁcient to prevent other cells
from discharging. At low rEin, the ﬂuctuations of mitral cell poten-
tials are small. Consequently, their subthreshold states are strongly
correlated, and when the graded inhibition decreases in each cycle,
all mitral cells reach their ﬁring threshold almost simultaneously.
Small, independent ﬂuctuations are the only reason why some cells
spike earlier and then prevent the other cells from ﬁring. The
example in the left panel of Fig. 2A clearly shows that, on each net-
work oscillation, the cell is close to its emission threshold; whether
or not a spike actually occurs depends only on instantaneous ran-
dom ﬂuctuations of the input.
The global picture is therefore a random subset of mitral cells
ﬁring on each cycle, which saturates the graded inhibition and re-
sults in a random discharge of individual cells. When gEin,0 in-
creases, as in Fig. 2B, more cells ﬁre on each cycle because they
reach their threshold faster, whereas inhibition takes time to build
up on each cycle. However, the strength of feedback inhibition is
capped by the graded inhibition maximum, gI, and its decay time
depends only on granule cell intrinsic and synaptic parameters.
Table 1
Means (±SEM) of LFP intrinsic characteristics. Duration (seconds), amplitude (arbi-
trary units), frequency (hertz) and frequency decay (hertz) are shown for beta and
gamma oscillations and for the three ﬂow rate conditions. Data from low and high
ﬂow rate conditions were compared to data from the basal ﬂow rate condition (n = 23
trials); the gray shadow indicates statistical signiﬁcance (statistical test: Wilcoxon,
⁄p < 0.05).
Characteristics Flow rate Beta Gamma
Mean (±SEM) Mean (±SEM)
Duration (s) Low 0.242 (±0.016) 0.101 (±0.008)
Basal 0.209 (±0.014) 0.135 (±0.011)
High 0.215 (±0.163) 0.132 (±0.011)
Amplitude (Arbitrary unit) Low 9.137 (±0.804) 9.544 (±0.677)
Basal 9.446 (±0.846) 12.479 (±1.802)
High 8.548 (±1.113) 9.871 (±1.134)
Frequency (Hz) Low 15.900 (±0.462) 52.821(±1.035)
Basal 16.949 (±0.576) 53.749(±1.273)
High 14.912 (±0.560) 54.656 (±1.108)
Frequency decay (Hz) Low 0.008 (±0.170) 1.268(±0.424)
Basal 0.012 (±0.174) 1.027(±0.343)
High 0.042 (±0.246) 0.899 (±0.349)
A
B
Fig. 2. Network oscillations in the low-noise regime ðrEin ¼ 0:002 S m2 s12Þwith gEin,0 = 0.5 S m2 (top, A) and gEin,0 = 0.9 S m2 (bottom, B). High gE:gE = 3.5 S m2 Left: traces
of a typical mitral cell membrane potential (blue line), activation of the graded inhibition (sI, red line) and the average activation of excitation frommitral to granule hsEi. Note
that the latter is used to determine the network frequency. Right: raster plot of 100 mitral cells.
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Therefore, the decay of graded inhibition depends only weakly on
the number of mitral cells that discharged on the last cycle. Cycle
length is therefore only slightly sensitive to m0.
In fact, two concurrent effects may affect the network fre-
quency. First, a higher gEin,0 allows mitral cells to discharge faster
when graded inhibition is higher. Second, a higher m0 increases
the excitatory drive to the granule dendrite and therefore main-
tains the graded inhibitory synapse in its saturated state for a long-
er period. The ﬁrst effect tends to increases the oscillation
frequency of the network, whereas the second one tends to de-
crease it. Overall, we observe that the network frequency remains
stable.
To investigate which parameters are important for frequency
stability, we varied several network parameters (Fig. 3). We ﬁrst
explored a wide range of input conductances gEin,0 from
0.02 S m2 to 2.42 S m2 (Fig. 3A). In the right panel, we observe
a plateau where f is approximately constant while m0 increases
[3–13] Hz. This plateau corresponds to the [0.25–1] S m2 range
of gEin,0 shown in the left panel. In that range, the ﬁring rate in-
creases approximately linearly with gEin,0. The mechanisms under-
lying this plateau are the same as described previously in the
description of Fig. 2. The plateau in the right panel is followed by
a region where we have f = 2m0. This interval corresponds to gEin,0
in the [1  1.7] S m2 range. We can see on the left panel that both
f and m0 increase in this range, but at different speeds. Indeed, we
have observed that 50% of the mitral cells discharged on each cycle
in this range (data not shown). This led to the formation of two
clusters of cells discharging alternately. The example in Fig. 2B is
close to this behavior. Due to the noise added to the mitral cells in-
put, the two clusters were not stable, and several cells jumped
from one cluster to the other in each cycle. In this regime, the in-
crease of gEin,0 drives the increase of f, whereas the longer satura-
tion of the graded inhibition is no longer sufﬁcient to
compensate for it. Finally, at very high gEin,0 we get a single cluster
where every cell discharges at each cycle (f = m0), as can be seen for
m0 > 30 Hz in the right panel of Fig. 3A. Note that the transition
from the 2-cluster to 1-cluster regime is very fast when looking
at m0 as a function of gEin,0 (left panel); therefore, the apparent pla-
teau we have in the f  m0 plateau (right panel) for m0 in 20–30 Hz
range is not relevant because any small change in gEin,0 drives the
system out of this plateau.
We next investigated the effect of the parameters on the feed-
back loop. First, we decreased the granule cell excitatory input gE
(Fig. 3B, red markers). In the left panel, we observe that the oscil-
latory plateau around f = 25 Hz is smaller. Similarly, in the right pa-
nel, the plateau in the f  m0 plane almost disappeared and
corresponds to a much shorter range of gEin,0. However, we can
see that the f = 2m0 regime lasts longer, which means that at low
gE, we primarily have a two-cluster regime. This can be simply ex-
plained by the fact that at low gE a larger number of mitral spikes
are necessary to saturate the graded inhibition and to prevent
other mitral cells from spiking. Therefore, even for low gEin,0, half
of the mitral cells have to spike on each cycle to saturate the inhi-
bition, which leads to the two-cluster regime. Interestingly, this re-
gime appears stable for a wide range of gEin,0, but further
simulations (not shown) showed that it is very sensitive to small
increases in the noise of the network excitatory drive rEin.
We then looked at the effect of changing the graded inhibition,
gI (Fig. 3C). As with the change of gE, changes to gI do not have a
signiﬁcant effect on the plateau aspect of the f  m0 plane
(Fig. 3C, right panel). In particular, the network frequency f is only
slightly affected by the strength of inhibition. This result is in line
with the conclusion of Bathellier et al. (2008), who made an analyt-
ical study of similar network dynamics using a standard inhibition,
not a graded one. However, in our case, when looking at f as a func-
tion of gEin,0 (Fig. 3C, left panel), we observe that the extent of the
plateau is larger for higher levels of inhibition. Overall, we con-
clude that high levels of synaptic conductances in the feedback
inhibitory loop (both gE and gI) are necessary to increase the gEin,0
range of stability of the network oscillation f.
Finally, we previously mentioned that the existence of the pla-
teau is due to the saturation of graded inhibition. Therefore, its fre-
quency, f, must be driven by the duration of the inhibition
saturation and the time inhibition takes to increase and decay.
To check this, we modiﬁed the time constant of the graded inhibi-
tion by multiplying aI and bI by a factor of x = 0.5 or x = 2 (Fig. 3D).
The plateau range in the left panel was not affected by the time
constant changes; however, we clearly see in the f  m0 plane (right
panel) that the plateau average frequency increases for shorter
time constants (higher aI and bI). This conﬁrms that the plateau
frequency is controlled by the time constant of the feedback inhi-
bition loop.
3.2.2. High noise regime: gamma band oscillations
At a high level of excitatory input noise, rEin, the network
dynamics change dramatically. Two examples with rEin ¼ 0:02
S m2 s12 are shown in Fig. 4A and B (high and low gE, respectively).
In the ﬁrst case, we have m0 = 6.1 Hz and f = 63.5 Hz and, in the
second, m0 = 13.5 Hz and f = 59.2 Hz. Compared to the low-noise re-
gime, f is larger for similar gEin,0 and m0. However, the raster plots
(Fig. 4, right panels) show that discharge is much less synchronized
in each oscillation cycle.
This result can be interpreted as an effect of decorrelation.
Because of the high level of input noise, mitral cell discharge is
more random and less controlled at the level of each individual
cell by the strength of inhibition. However, ﬂuctuations of the
graded inhibition still affect the discharge at the population level
by modulating the population average discharge probability. This
type of network oscillation, with individual stochastic discharges,
has already been described in various types of recurrent networks
(Brunel and Wang, 2003; Geisler et al., 2005), and similar dynam-
ics have been used to describe in vitro gamma oscillations in an
OB model (Bathellier et al., 2006). Compared to the low-noise
regime, where mitral cell subthreshold potentials were strongly
correlated, a high noise level spreads mitral membrane potentials
over a wide range of potential. In particular, there are always a
small fraction of mitral cells close to their spiking threshold. This
allows the mitral cell population to react quickly to any small
change in its average inhibitory input and sustains faster oscilla-
tions than in the low noise regime with a similar average ﬁring
rate.
To explore this regime in more depth, we plotted the network
frequency f as a function of gEin,0 and m0 with low and high gE in
Fig. 5. The main observation is that, contrary to the low-noise
regime, there is no plateau with a stability of f. Here, the network
frequency is highly dependent on the average level of excitatory
input, gEin,0, over the entire tested range. Note that higher gEin,0
have not been plotted because they correspond to a fully saturated
graded inhibition, which results in no network oscillation. Interest-
ingly, lower gE allows the network to reach a higher network fre-
quency. This is due to the fact that at lower gE, the graded
inhibition ﬂuctuations are smaller and less prone to reaching satu-
ration, which would limit the transmission of fast ﬂuctuations.
3.2.3. Modeled linear response can predict oscillation frequencies only
in the high-noise regime
In previous studies of recurrent networks with individual sto-
chastic discharge (Brunel and Wang, 2003; Geisler et al., 2005), it
was shown that it is possible to predict the network frequency
from the linear response of network components. The calculation
is based on the hypothesis that the average mitral cell ﬁring rate
can be described by
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mðtÞ ¼ m0 þ m1 cosð2pftÞ
with m1  m0.
We can compute the propagation of this oscillation (both ampli-
tude and phase) in the feedback inhibitory loop analytically
(granule cell excitation, sE; granule dendritic compartment poten-
tial, VD; graded inhibition activation, sI). We can simulate the mitral
cell model to obtain its linear response to inhibitory input oscilla-
tions. The inhibitory oscillation depends on gEin,0, rEin and gI,0. In
particular, gI,0 must be ﬁrst computed by determining the
A
B
C
D
Fig. 3. Effect of network parameters on oscillation frequency and the average mitral ﬁring rate in the low-noise regime. rEin ¼ 0:002 S m2 s12. A: Left: oscillation frequency, f,
and mitral rate, m0 vs. gEin,0. Right: the same data but with f as a function of m0. Note that in the range of m0 3–13 Hz, f is essentially constant. B–D: The same control data as in A
and additional data. Left panels: f vs. gEin,0, right panels: f vs. m0. Modifying the loop synaptic strength (gE in B and gI in C) does not affect the plateau with a stable f vs. m0 in the
right panels. However, it does change the speed at which this plateau is scrolled when gEin,0 increases (points are always spaced by the same increase of gEin,0). In the last row
(D), we multiplied the graded inhibition time constant by a factor x = 0.5, 1 or 2 Additional data: low gE = 0.7 S m2 (B), double inhibition gI = 20 S m2 and half inhibition
gI = 5 S m2 (C).
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stationary state of the loop (see the Material and Methods section
and the Appendix for additional details). Once all linear responses
are known, we can write a self-consistent equation for m(t) that
states that m(t) must be the same at the entrance and exit of the
loop. The phase and amplitude solutions of this equation yield
the network frequency and gain.
We used this method to predict the network oscillation fre-
quency and the average mitral ﬁring rate when the network is in
the low- or high-noise regime (see Fig. 6). In the low-noise regime
(Fig. 6A), we observe that neither m0 nor f can be predicted by the
linear response calculation unless gEin,0 is very low. In fact, these
low values correspond to a high-noise case, as gEin,0 is quite small
compared to rEin, which is constant across all simulations. How-
ever, for higher gEin,0, the theory cannot predict the existence and
extent of a plateau. This conﬁrms that the plateau is due to the
non-linear dynamics present in the model and, in particular, to
the saturation of the graded inhibition. In contrast, in the high-
noise regime (Fig. 6B), the theory predicts both f and m0 very well
for a wide range of gEin,0. Note that the discrepancies at low gEin,0
correspond to parameter values for which the linear response pre-
dicts a loop gain below 1 (and thus no oscillatory instability) and
where the simulation only shows small and irregular oscillations
(data not shown).
4. Discussion
This study focused on the stability of OB fast rhythms in the
beta and gamma frequency bands. We ﬁrst experimentally showed
that altering the intensity of odor stimulation resulted in an
increase of the mitral cell ﬁring rate but left the fast LFP oscillations
largely unchanged. In particular, the LFP average frequencies were
not affected by changes of the stimulation intensity. This suggests
that the frequency of LFP oscillations depends on intrinsic proper-
ties of the mitral-granule network.
In the second part of our study, we explored the stability of fast
rhythms in a biologically plausible model of the OB network that
includes realistic mitral cell dynamics (Bathellier et al., 2006) and
A
B
Fig. 4. Network oscillations in the high noise regime: rEin ¼ 0:02 S m2 s12; gEin;0 ¼ 1:2 S m2 with high gE = 3.5 S m2 (top, A) and low gE = 0.7 S m2 (bottom, B). Left: traces of
a typical mitral cell membrane potential (blue line) and activation the graded inhibition (red line). Right: raster plot of 100 mitral cells.
Fig. 5. Network frequency in the high-noise regime: rEin ¼ 0:02 S m2 s12 with high gE = 3.5 S m2 or) and low gE = 0.7 S m2. Note that, contrary to the low-noise case (Fig. 3),
we observe no stability of f as a function of either gEin,0 (left panel) or m0 (right panel).
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a single granule cell with graded inhibition (Brea et al., 2009).
Detailed simulations and theoretical analysis of our model showed
that two dynamical regimes could be distinguished.
First, for low amounts of input noise, our model displayed an
oscillatory regime whose frequency, around 25–30 Hz, i.e., in the
beta band, was stable for a wide range of average levels of input
excitation. This stability is due to the saturation of the graded inhi-
bition by a small subset of the mitral cell population. Therefore, it
is favored by a strong mitral-granule synaptic coupling, and the va-
lue of the stable frequency is partly controlled by the time con-
stants of synaptic inhibition (Fig. 3). In this case, ﬁring cells are
well synchronized, and the population is silent between spike
volleys.
Second, for high amounts of input noise, the individual dis-
charge was much more random, which lead to a less synchronized
discharge on each oscillation cycle. This regime allows for higher
network oscillation frequencies, more than 40 Hz with our param-
eters and relatively low average ﬁring rates. This is very similar to
what has already been described for in vitro gamma oscillations by
a previous OB model (Bathellier et al., 2006), and we suggest it is
also well-suited to describe gamma oscillations in vivo.
However, in the high-noise regime, the network frequency is
highly dependent on the level of average excitatory input (Fig. 5).
This observation appears to be inconsistent with our experimental
observation of stable gamma frequency for different stimulus
intensities. Nonetheless, the direct effect of changing the stimulus
intensity on mitral cell excitatory input in vivo is unknown. Indeed,
stimulus input is actually relayed from olfactory receptor neurons
(ORN) to mitral cells through glomerular units, which are groups of
many ORN axon terminals and mitral primary dendritic tufts.
Intraglomerular synaptic activity is complex, and Gire and Schoppa
(2009) recently suggested that glomerular activation could be all
or nothing. In this case, changes of stimulus intensity would mod-
ify the number of activated glomeruli but not the output intensity
of the active ones. An increase in the number of activated glomeruli
would then explain the increased mitral ﬁring rate and responsive-
ness that we obtained experimentally. However, excitatory input
of mitral cells should only depend on the state of their glomerulus,
active or not, and should therefore be determined by intraglomer-
ular dynamics and should not be directly proportional to the stim-
ulus intensity. This stability of the excitatory input could explain
the stable frequency of the gamma oscillations generated locally
between the mitral cells of a given glomerulus and their associated
granule cells.
Interestingly, such a scenario has been proposed in themoth (Ito
et al., 2009) to explain the stability of fast oscillations in the antennal
lobe (the analog of the OB in the insect) when the animal is stimu-
lated with different odor concentrations. In addition, during odor
stimulation, Ito et al. observed a frequency decay of the fast oscilla-
tion independent of the odor concentration that they attributed to
an adaptation of the output of olfactory receptor neurons. Such an
adaptation at the glomerular level could also explain the small fre-
quencydecay thatweobserved experimentally duringgammaoscil-
lations and is compatible with a gamma mechanisms whose
frequency is mainly determined by the excitatory input level.
Under that hypothesis, stable gamma frequencies would result
from the stability of active glomeruli output. At low levels of acti-
vation (non-activated glomeruli), we would observe beta
A
B
Fig. 6. Comparison of simulation and modeled linear response: A: left panel: network frequency and mitral cell ﬁring rates as a function of gEin,0 obtained with either a
network simulation (blue symbols) or theoretical determination of the network linear response (red symbols). Right panel: the same data in the f vs. m0 plane. The model is in
the low noise regime, and the parameters are the same as in Fig. 2. Note that the simulation and theory agree only at very low gEin,0, where the average input becomes small
compared to the noise input. B: same as in A, but in the high-noise regime; the parameters are the same as in Fig. 4B. The agreement between theory and simulation is good
except at low gEin,0, where the noise is high compared to the average input level. In this range, the linear response predicts a network oscillatory gain below 1 and, indeed, the
simulations display only small and irregular oscillations.
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oscillations whose frequency is already stabilized by network
intrinsic dynamics for a wide range of excitatory input.
The next question is what controls the oscillatory regime of the
OB network. First, we showed that, given a set of parameters deﬁn-
ing the mitral-granule loop, an increase of the input noise can
make the network frequency switch from beta to gamma. If we as-
sume that the noise level is partially proportional to the level of
excitatory input, as it is the case with Poisson processes, for exam-
ple, then our model is compatible with recordings in anesthetized
rats (Buonviso et al., 2003), which display gamma oscillations
when odor input is maximal, at the transition between inspiration
and expiration, and beta oscillation when it is minimal, at the end
of expiration.
Second, in our model, beta oscillation stability requires the sat-
uration of the graded inhibition and therefore requires strong mi-
tral to granule excitatory connections (gE). In contrast, a small gE
prevents the model from entering the non-linear regime and there-
fore favors gamma oscillations. Interestingly, Balu et al. (2007)
have shown that the mitral-granule excitatory synapse displays a
strong short-term depression. This suggests that low mitral cell ﬁr-
ing rates could favor high gE and beta oscillations. Conversely, high
mitral cell ﬁring rates would favor a low gE and result in gamma
oscillations. This is in agreement with the experimental
observation that mitral cells phase-locked to gamma oscillations
have higher ﬁring rates than mitral cells phase-locked to beta oscil-
lations (Cenier et al., 2009).
Third, it has been experimentally shown that odor learning fa-
vors the appearance of beta oscillations in response to known
odors (Ravel et al., 2003). In our model, odor learning could corre-
spond to an increase in the strength of the mitral-granule loop
excitatory and inhibitory conductances (as in the model described
by Migliore et al., 2010, for example) and therefore favor the beta
regime in response to known odors, as observed experimentally.
In Fig. 1, we showed the alternation of gamma and beta oscilla-
tions during a single respiratory cycle of an anesthetized rat. It
would be interesting to reproduce this result with our model. How-
ever, as we stated previously, gamma oscillation frequency is not
intrinsically stable, and indeed, varying the model parameters
(e.g., gEin,0, rEin or gE) can continuously shift the frequency from a
beta to gamma regime. The clear jump from gamma to beta that
we observed experimentally could be achieved in our model with
fast changes of model parameters, but we do not know of any
experimental evidence that supports this scenario. In addition,
we recently showed experimentally (Cenier et al., 2009) that mitral
cells phase-locked to beta and gamma oscillations form two dis-
tinct subsets of cells, likely associated with distinct glomeruli,
A
C
B
D
Fig. A.7. Theoretical determination of network frequency and gain using the linear response: A: Self-consistent determination of m0, see Eq. (A.9). Input m0 is used to
successively compute gE,0, VD,0 and sI,0. Finally, sI,0 is used to simulate the mitral cell model and get the ‘‘output m0’’. The loop ﬁxed point is obtained when the input and output
m0 are equal. As we had to simulate the mitral cell model to get its output m0, we used a dichotomous method to obtain the ﬁxed point, which explains the irregular point
positions in the graph. B: Analytically computed linear response of network variables (left: gain, normalized to 1 at 5 Hz, right: phase shift), see Eqs. (A.4), (A.6) and (A.8). C:
The simulated linear response of the mitral cell model. D: The full mitral-granule loop linear response obtained by multiplying the normalized complex linear response of
each element of the loop. The loop gain is the product of all gains; loop phase shift is the sum of all phase shifts. The network frequency is obtained when the loop phase shift
is2p, which means there is exactly one cycle difference between the input oscillation of m(t) and the output oscillation after its propagation in the granule loop. A gain below
1 means that the oscillation is not stable and should vanish.
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depending on the glomerulus activation level. As our model de-
scribes a single glomerulus, it cannot account for such a scenario.
Therefore, it would be worth studying a full OB model that includes
an ensemble of small local networks (one for each glomerulus) and
is able to generate beta or gamma oscillations independently, as in
our study. These local networks could then interact via the long
mitral cell lateral dendrites and potentially generate model-wide
oscillations.
In our model, beta and gamma oscillations are both generated
intrinsically in the OB. However, it is known that in the absence
of cortical feedback, beta oscillations are abolished (Neville and
Haberly, 2003) or at least strongly reduced (Martin et al., 2004).
This absence of cortical feedback could be modeled by a strong
hyperpolarization of granule cells. In this case, the saturation of
the graded inhibition would not be possible, and beta oscillations
would be hindered.
In conclusion, this is the ﬁrst study to propose a mechanism
modeling beta oscillations and use it to show how they can be sta-
bilized. With regard to gamma oscillations, our results are close to
a previous study (Bathellier et al., 2006), but different from others
such as Brea et al. (2009), which relies on a strong mitral cell res-
onance in the gamma range, or Marella and Ermentrout (2010),
which uses ampliﬁcation of stochastic synchronization. However,
in these studies, gamma oscillation frequency is generally not sta-
ble as a function of excitatory input, and an additional mechanism
is still needed, as we previously discussed.
Appendix A. Computation of the linear response network
We assume that mitral cell discharge is random, with an aver-
age ﬁring rate given by
mðtÞ ¼ m0 þ m1e2ipft ðA:1Þ
We used complex notations to facilitate the analytical calculations,
but the ﬁnal results are obtained by taking the real part of all com-
plex equations. In the following, for any model variable x, x0 refers
to its stationary part and x1 to its oscillatory part. Note that x1 can
be complex because it describes both the amplitude and phase shift
of x’s linear response (see Fig. A.7).
First, mitral cells excite granule cells via the excitatory synapses
described by (4). Here, the variable T can be considered an instan-
taneous pulse, and the synaptic equation is reduced to
dsE
dt
¼ bEsE þ
X
ti<t
dðt  tiÞ ðA:2Þ
where ti is the ith presynaptic spike time and d the Dirac function.
With our approximation of random mitral cell discharge, we haveP
ti<t
dðt  tiÞ ¼ NEmðtÞsE, where bE = 1/sE, and using (A.1), we obtain
sE;0 ¼ NEm0sE ðA:3Þ
sE;1 ¼ NEm1sE1þ 2ipfsE ðA:4Þ
This excitatory input is then transmitted to the granule cell den-
dritic compartment described by (1). Using the same method and
keeping only ﬁrst-order terms, we have, for the dendritic
compartment,
VD;0 ¼ sE;0gEðgSD þ gLÞVE þ GgLELsE;0gEðgSD þ gLÞ þ GgL
ðA:5Þ
VD;1 ¼ sE;1gEðVD;0  VEÞðGþ 2ipfCm  gDSÞð2ipfCm þ gLÞðGþ 2ipfCmÞ þ sE;0gEðGþ 2ipfCm  gDSÞ
ðA:6Þ
where G = gL + gDS + gSD.
Finally, graded inhibition depends directly on VD(t) through (5);
thus, we get
½csI;0 ¼ a0bI þ a0
ðA:7Þ
sI;1 ¼
a0ð1 sI;0Þð1 a0aI Þ
VD;1
rI
bI þ a0 þ 2ipf
ðA:8Þ
where
a0 ¼ aI
1þ e
VD;0Vact;I
rI
To compute the stationary response of the network, we have
m0 ¼ FðgEIn;0;rEin; sI;0Þ ðA:9Þ
¼ FðgEIn;0;rEin; sI;0ðVD;0ðsE;0ðm0ÞÞÞÞ ðA:10Þ
where F is the ﬁring rate function of mitral cells, which has to be
computed numerically. The last equation gives a self-consistent
condition for m0 and allows us to determine the stationary variables.
Once the stationary state of the network is known, we can compute
the ﬁrst-order oscillatory component with
m1 ¼ HðgEIn;0;rEin; sI;0; sI;1Þ ðA:11Þ
¼ HðgEIn;0;rEin; sI;0; sI;1ðVD;1ðsE;1ðm1ÞÞÞÞ ðA:12Þ
where H is the mitral cell linear response computed numerically by
looking at the mitral cell rate modulation to small sI oscillatory
modulation.
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Faster, Deeper, Better: The Impact of Sniffing Modulation
on Bulbar Olfactory Processing
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Abstract
A key feature of mammalian olfactory perception is that sensory input is intimately related to respiration. Different authors
have considered respiratory dynamics not only as a simple vector for odor molecules but also as an integral part of olfactory
perception. Thus, rats adapt their sniffing strategy, both in frequency and flow rate, when performing odor-related tasks.
The question of how frequency and flow rate jointly impact the spatio-temporal representation of odor in the olfactory bulb
(OB) has not yet been answered. In the present paper, we addressed this question using a simulated nasal airflow protocol
on anesthetized rats combined with voltage-sensitive dye imaging (VSDi) of odor-evoked OB glomerular maps. Glomerular
responses displayed a tonic component during odor stimulation with a superimposed phasic component phase-locked to
the sampling pattern. We showed that a high sniffing frequency (10 Hz) retained the ability to shape OB activity and that
the tonic and phasic components of the VSDi responses were dependent on flow rate and inspiration volume, respectively.
Both sniffing parameters jointly affected OB responses to odor such that the reduced activity level induced by a frequency
increase was compensated by an increased flow rate.
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Introduction
The understanding of sensory information processing is a major
challenge for neuroscience, as this processing is the foundation that
generates representations of the world in both humans and
animals. Numerous works have already clearly established several
common features concerning the processing of various sensory
modalities. One of the most important features is the cerebral
topographic coding of stimuli. This topographic coding consists in
the apparition of orderly cortical representations or maps that
reflect the stimulation of a specific sensory receptor subgroup [1].
In contrast to the tactile somatotopic, visual retinotopic, and
auditory tonotopic maps, the existence of such a topographic
coding for olfactory stimuli has been strongly debated [2–5].
Although visual, tactile, and auditory stimuli can be easily
described and discriminated using a small number of continuous
variables, the complexity of olfactory molecules has prevented the
establishment of classifications based on a limited set of
characteristics. However, an increasing number of studies have
highlighted the presence of an olfactory chemotopic coding system
in the insect antennal lobe and mammalian olfactory bulb (OB)
[6–8]. A single odorant activates only a small and specific
subgroup of olfactory sensory neurons that converge onto a limited
number of glomeruli in the OB [9]. Hence, in the OB, the identity
of odorants is associated with a unique spatial map.
In addition to this spatial coding, olfactory information
processing is also based upon dynamic mechanisms that depend
on the physical method by which stimuli are led to their sensory
receptors. In mammals, the respiration cycle itself provides the
mechanism for odor stimuli sampling. Even among the very first
electrophysiological studies [10], the powerful influence of
breathing was observed in the OB and olfactory cortex. Thus,
respiratory modulation of both local field potential (LFP) signals
and unitary activities has been extensively described in the OB and
piriform cortex [11–17].
In addition to its role as the vector for odor molecules,
respiratory dynamics have been considered as an integral part of
the olfactory percept in both animals and humans by various
authors [18–20]. It has been shown that rats adapt their sniffing
strategy, both in frequency and flow rate, when performing odor
discrimination and detection tasks [21]. Therefore, the question of
how these sampling variations affect olfactory system activity is of
growing interest.
In the past few years, several studies have addressed this
question at the OB input terminal level [22–25], and most of these
studies have focused on the impact of sampling frequency on input
dynamics. Although Oka et al. [23] also studied the impact of
sniffing flow rate, the effects of different sniffing components were
analyzed individually, and they failed to analyze the response
dynamics. At the OB output level (i.e., mitral cell activity and local
field potential recordings), different studies have noted the
importance of sniffing frequency [13,26] and sniffing flow rate
[13,27].
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In the present paper, we studied how the two primary
components of sniffing behavior, i.e., frequency and flow rate,
jointly contribute to the spatio-temporal representation of odors at
the OB level. To achieve this goal, we used voltage-sensitive dye
imaging (VSDi) combined with an artificial sniffing paradigm in
anesthetized rats. Artificial sniffing allowed the independent
control of flow rate and frequency within the physiological range
[13]. Contrary to most previous optical imaging studies addressing
this question at the OB input terminal level, the responses
measured with voltage-sensitive dye arise primarily from sources
downstream of the olfactory nerve input [28]. This allows possible
reshaping of the input activity by local interneurons at the post-
synaptic level to be taken into account. This study, to our
knowledge, is the first to give an insight of how both sniffing
frequency and flow rate modulate both the amplitude and the
dynamics of odor evoked VSDi response. Thus, the present study
makes the link between data obtained at the OB input [22–25]
and output [13,26,27] level respectively. To strengthen our
conclusions, OB LFPs were also recorded in this experiment.
Results
Validation of Artificial Sniffing Paradigm
One concern for using artificial sniffing was the reliability of the
sampling parameters. Contrary to most previously used devices
[23,24], our artificial sniffing simulator reproduces both respira-
tory phases, inspiration and expiration, while reaching high-
frequency sniffing (10 Hz) [27] (Fig. S1). Therefore, we first
needed to ensure that changes in the response dynamics and/or
observed amplitudes at different frequencies were not due to side-
effects related to an unstable flow rate between low and high
artificial sniffing frequencies. Although it was not possible to
measure the absolute flow rate at the entrance of the nostril with
our respiratory monitoring setup [29] (see Figure S2 legend), we
demonstrated that the actual relative flow rate through the nostril
varied linearly with the imposed flow rate whatever the sniffing
frequency while matching the imposed frequency (Fig. S1). The
second step was to demonstrate that this artificial sniffing protocol
combined with VSDi allowed us to record reliable optical
responses in the OB. Our goal, herein, was not to analyze the
specificity or the reproducibility of odor evoked maps as it has
been largely demonstrated in the literature [8,30–32]. We used a
2 Hz artificial breathing frequency that corresponded with the
respiratory frequency in anesthetized rats. As previously reported
[28], odors evoked specific patterns of post-synaptic activity in the
dorsal OB (Fig. 1A), these patterns being similar when using same
odor in a given rat. We then analyzed the time-course of the
optical responses, focusing on responding glomeruli. As shown in
figure 1B, odor presentation evoked a fast increase in fluorescence
of approximately 0.6% compared with the basal fluorescence
value, which reflected OB activation. As previously reported [28],
this response exhibited two components: a tonic component lasting
for the duration of odor stimulation and a superimposed phasic
component phase-locked with the sampling pattern. Conversely,
the non-activated regions did not present a tonic response but
were still able to develop a smaller phasic component during odor
presentation. Time-frequency maps computed from these respons-
es (Fig. 1C) confirmed that optical signal modulation clearly
corresponded with the 2 Hz imposed sniffing frequency.
The following analyses focused on the optical response time-
course parameters. As no statistical differences were observed
between the odors, data from all odors were pooled for the
following analyses. Thus a total of 536 recordings obtained from
20 rats were included in statistical analysis.
Sniffing Frequency Strongly Impacts the Phasic
Component of VSDi Responses
Previous studies using Ca2+ imaging of receptor cell terminals in
the OB showed that the phasic response component decreased
with increased sniffing frequency and even disappeared at a
frequency of around 6 Hz [22,24,25]. Here, we used several
sniffing frequencies (up to 10 Hz) within the physiological range.
In the raw glomerular responses, a phasic component could be
observed at frequencies up to 4 Hz. This sampling-related
modulation decreased with increasing frequencies but was still
observable at 6 Hz, as shown in the time-frequency representation
(Fig. 2A). The phasic component of the glomerular optical
response disappeared at the highest imposed sniffing frequency
(10 Hz). Even if individual examples of raw VSDi data demon-
strated an impact of sniffing on signal dynamics, one could raise
the question of reproducibility in such observations. Because the
respiratory dynamics were imposed by the sniffing simulator, the
experimental protocol timing was highly reproducible across
recordings for a given frequency. Using this reproducibility, we
averaged the VSDi responses from all of the responses evoked by a
given sniffing frequency, regardless of the flow rate and odor used.
As shown in figure 2B, sampling-related modulation was clearly
distinguishable from the mean signal with a sampling frequency up
to 6 Hz, which demonstrates that the modulation observed in one
rat (Fig. 2A) was a general feature of the VSDi glomerular
responses. It should also be noted that high-frequency sniffing (see
4 Hz or 6 Hz in figure 2B) led to a stepwise rising phase before
reaching the maximum level. To confirm these results, we
generated a mean time-frequency representation: time-frequencies
representations were computed from all individual responses and
Figure 1. Odor-evoked maps at a resting sniffing frequency. A:
VSDi maps evoked by three different odors. Red and blue circles
indicate the regions of interest used to compute the optical signal time-
course. B: Optical signal time-courses computed from the activated area
(red) and non- (low)-activated area (blue). The bottom black dashed line
represents the imposed sniffing signal. Yellow box indicates odor
stimulation period. C: A time-frequency representation computed from
the red signals displayed in B. Time-frequency power (Tf power,
arbitrary unit) is color-coded (the color scale is the same for both time-
frequency maps).
doi:10.1371/journal.pone.0040927.g001
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then averaged across the responses for each frequency. Except for
10 Hz, the mean time-frequency representations exhibited an
increased power during odor presentation in the frequency band
corresponding with the imposed sniffing frequency (Fig. 2B). This
result was used to quantify the sniffing modulation and demon-
strate that the power increase observed in the time-frequency
representation was not only a frequency component or harmonic
of the tonic response. We extracted the maximum power of the
time-frequency representation in each frequency band of interest
and compared it with the frequency content of continuous
simulation (0 Hz), which only evoked a tonic component in the
response, using a one-way ANOVA. The power increase in the
optical responses corresponding with the imposed sniffing
frequency was significantly higher than the corresponding
frequency content of the tonic component for 1 Hz
(F(1,122) = 78.2, P,0.0001), 2 Hz (F(1,208) = 143.3, P,0.0001),
4 Hz (F(1,180) = 97.2, P,0.0001), and 6 Hz (F(1,132) = 35,
P,0.0001) but not 10 Hz (F(1,120) = 1.47, P = 0.23) (Fig. S3A).
We also wanted to verify that the lack of a phasic component at
10 Hz was not related to a limitation of our artificial sniffing set-
up. First, a 10-Hz modulation was observed for some optical
responses (Fig. S4), even if such modulation was not statistically
present when averaging responses. Second, we applied the same
experimental paradigm for the LFP recordings. As shown in
figure 3, LFPs also developed a phasic response locked to the
imposed sampling. As observed in the VSDi responses, the LFP
sniffing modulation amplitude decreased with increasing frequen-
cy even if the decrease was weak compared with the optical
response. Interestingly, LFP signals remained clearly modulated by
sniffing at the highest imposed frequency (10 Hz). This result was
confirmed by a quantitative analysis based on time-frequency
representation (Fig. S3B). These data also confirmed that although
a 10 Hz modulation was not always present in the optical
response, the OB network was still able to exhibit sniffing
modulation.
Lastly, we wanted to identify how sniffing modulation could
impact the spatial distribution of odor-evoked activity. The data
shown in figure 4 shows that sniffing frequency had little effect on
the activation map computed from the tonic response. Indeed, the
spatial distribution of early-responding glomeruli remained
similar, independent of the imposed sniffing frequency. We also
performed the first spatial distribution analysis of the phasic VSDi
response component by developing a pixel-by-pixel time-frequen-
cy analysis. We observed that the phasic component power map
largely overlapped with the tonic component map (Fig. 4), which
indicated that sniffing modulation was spatially concomitant with
the odor-evoked response. Nevertheless, there was an obvious
decreasing in the spread of the phasic component when the
sampling frequency was increased.
Effect of Frequency on the Tonic and Phasic Components
of the VSDi Signal Amplitude Depends on Flow Rate
When exploring their environment, rats varied both their
sniffing frequency and flow rate [21]. After having demonstrated
that OB activity could be maintained at high-frequency sniffing,
we investigated how the sniffing flow rate impacted OB activity
concomitantly with sniffing frequency.
Tonic response. The mean VSDi signals computed as a
function of sniffing frequency regardless of flow rate indicated that
sniffing frequency had little impact on the amplitude of the VSDi
tonic component responses (Fig. 2B). To evaluate the extent to
which the flow rate impacted VSDi responses concomitantly with
frequency, we performed a quantitative analysis of the VSDi tonic
component amplitude. All descriptive statistics are detailed in
supplementary Table S1. As shown in figure 5A, flow rate had
little impact on optical responses in low-frequency sniffing (2 Hz).
Conversely, the flow rate appeared to impact the response
amplitude at high sniffing frequencies. A two-way ANOVA on
signal amplitude with flow rate and sniffing frequency as factors
confirmed significant effects of both flow rate (F(2, 518) = 19.8,
P,0.0001) and frequency (F(5, 518) = 8.95, P,0.0001) and a
significant interaction between these two factors (F(10, 518), = 2.756,
P,0.01). Partial ANOVAs for each flow rate confirmed that
sniffing frequency had no significant effect on signal amplitude
at a high flow rate (1000 ml/min, F(5, 242) = 1.16, P.0.1; see
figure 2A). Conversely, for moderate (500 ml/min) and low
(250 ml/min) flow rates, there was a statistically significant effect
of increased sniffing frequency on the tonic component amplitude
(F(5, 205) = 4.62, P,0.001 and F(5, 71) = 11.7, P,0.0001, respec-
tively). Post-hoc analyses of these data confirmed a decrease in
tonic component amplitude only for the highest sniffing frequency
(10 Hz) when using a moderate flow rate and an earlier frequency
increase effect when using a low flow rate (Fig. 5B).
Phasic response. We next investigated the impact of both
sampling parameters on the phasic sampling-related component
of the optical responses (Fig. 5C). Both sampling frequency
(F(4, 462) = 93.714, P,0.0001) and flow rate (F(2, 462) = 8.642,
P,0.001) had a significant impact on the phasic component
amplitude of the response (see all descriptive statistics in
supplementary Table S2). The phasic component amplitude
decreased with increasing frequency and decreasing flow rate.
We did not observe a significant interaction between flow rate and
frequency. In contrast to its effect on the tonic response, flow rate
only partially counterbalanced the frequency effects.
Discussion
Sniffing behavior is one of the key features of mammal olfactory
perception, as sensory input is intimately related to respiration.
Behavioral studies have already highlighted the importance of
sniffing modulation in both flow rate and frequency during odor
discrimination and detection tasks [21] or after novel odor
presentation [33,34]. The present work was the first attempt to
analyze the concomitant effects of both frequency and flow rate on
odor-evoked glomerular maps using VSDi. Using our newly
developed artificial sniffing simulator, which allowed us to
reproduce rat sniffing behavior at frequencies of up to 10 Hz,
our data demonstrated that sniffing frequency and flow rate jointly
impact the level and the dynamic of glomerular responses. These
results bridged the gap between previous data obtained by Oka
et al. [23] at the OB input level, and data from Courtiol et al.
[13,27] at the OB output level. Indeed, if Oka et al. [23] showed
main impact of sniffing flow rate on the response amplitude, they
only analyzed effects of sniffing frequency and flow rate separately.
Moreover, the low temporal resolution of their recording method
did not allow them to analyze the dynamics of sniffing related
modulation of optical responses. Combined with the first time-
frequency analysis of optical signals, VSDi showed that high
sniffing frequency retained the ability to modulate OB activity at
the glomerular level.
Respiration Related Modulation can be Maintained in
High-frequency Sniffing
Contrary to previous studies showing that sniffing modulations
of odor-evoked glomerular optical responses tend to disappear at
frequencies around 5–6 Hz [22,24,25], our results showed that
odor-evoked OB activity remained modulated in high-frequency
sniffing both at the glomerular and intrinsic network levels. This
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Figure 2. Impact of sniffing frequency on VSDi signal dynamics. A: An example of a raw VSDi signal time-course (left) computed from the
activated areas (see Fig. 1 and material and methods) and corresponding time-frequency representations (right). The black traces at the bottom of
each panel represent the imposed sniffing signal recorded at the nostril entrance. Each line corresponds with a different sniffing frequency.
Responses were recorded using a 1000 ml/min flow rate. The color scale (arbitrary unit) was the same for all time-frequency representations. B:
Averaged optical responses (blue line)6 SD (shadow area) computed from all animals according to the different sniffing frequencies (left), regardless
of flow rate (0 Hz, n = 59; 1 Hz, n = 65; 2 Hz, n = 151; 4 Hz, n = 123; 6 Hz, n = 75; 10 Hz, n = 63). The corresponding mean time-frequency
representation (right) computed from all individual time-frequency representations. The color scale (arbitrary unit) was the same for all time-
frequency representations. Yellow box indicates odor stimulation period.
doi:10.1371/journal.pone.0040927.g002
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difference can be first explained by our imaging approach. Indeed,
all previous studies focusing on the impact of sniffing frequency
were based on Ca2+ imaging of presynaptic activity. Voltage-
sensitive dyes are primarily used to visualize post-synaptic activity
[28], and we could not exclude the hypothesis that input activity
could be reshaped by local circuits at the glomerular level, thus
maintaining sniffing modulation at the post-synaptic level.
External tufted cells are entrained by repetitive sensory input at
frequencies of up to 10 Hz [35]. Ensembles of entrained tufted
cells of a given glomerulus may synchronize glomerular network
activity and amplify rhythmic activity at the sniffing frequency
[35,36]. This hypothesis agrees with the LFP data showing that
intrinsic OB network activity was still modulated by sniffing at
10 Hz and was confirmed by a recent study showing that mitral
cells maintain their sampling-related modulation in high-frequen-
cy sniffing [27]. Other methodological issues could be taken into
account, such as odor choices [22,24] or the use of a sniffing
simulator which reproduce both respiratory phases unlike
previously used devices [23,24]. In our anesthetized model, only
bottom-up processes could influence OB activity, and we could not
rule out that top-down control may explain differences observed
with awake model [22,25]. Finally, our quantification analysis
revealed sniffing frequency effects that could not be observed by a
simple visual observation. Our data confirmed that the sniffing
modulation of optical signals decreased with increasing frequency
[22,24,25] independent of the imposed flow rate. This decrease
could explain the difficulty in observing the sniffing-related
modulation of optical signals at 10 Hz, which could be related
to a low signal-to-noise ratio. Indeed, rats exhibiting the largest
response amplitude also displayed sniffing modulation at 10 Hz.
This result and the presence of a phasic component at 10 Hz on
LFP signals indicate that the lack of sniffing modulation was not
due to temporal filtering by VSDi or a limitation of our artificial
sniffing setup.
What is the importance of the persistence of sampling-related
dynamics? It has been shown that sniffing behavior is coupled with
head movements and whisking, which are also involved in
exploratory behavior [37,38]. These rhythms appear in the same
frequency band as the hippocampal theta rhythm. Sniffing and
theta rhythms not only share similar frequencies but also exhibit
phase relationships [39]. Moreover, OB sniffing-related rhythms
and/or hippocampal theta rhythms appear to be synchronized
during odor sampling [40]. Thus, sniffing or theta rhythms could
allow coupling between olfactory structures and other brain
regions, and the persistence of sniffing-related activity at high
sniffing frequencies could be a key mechanism in communication
between brain areas [19].
Tonic and Phasic Components of VSDi Responses are
Differentially Affected by Sampling Parameters: do Tonic
and Phasic Components Mirror Flow Rate and Inspiration
Volume, Respectively?
At high flow rates, the tonic component amplitude of the VSDi
responses was independent of sniffing frequency. This result agrees
with previous data showing that olfactory nerve terminal response
amplitude was only slightly affected by sniffing frequency [23].
These data also agree with results from Cury and Uchida [41]
showing that changes in sniffing frequency weakly impact mitral
cell discriminability. A major impact of flow rate on OB activity
has also been reported in both the mitral cell discharge and LFP
oscillation levels [27]. Nevertheless, even if the tonic component
amplitude was not affected by sniffing frequency at a high flow
rate, increasing frequency leads to a stepwise rising phase before
reaching the maximum level, which indicates that maximum
receptor activation likely requires cumulative activation across
successive respiratory cycles. The effect of sniffing frequency
Figure 3. Impact of sniffing frequency on LFP signals. An
example of local field potentials recorded from the granule cell layer
(left) and corresponding time-frequency representations (right). The
responses were recorded using a 1000 ml/min flow rate. The color scale
(arbitrary unit) was the same for all time-frequency representations.
Yellow box indicates odor stimulation period.
doi:10.1371/journal.pone.0040927.g003
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appeared at moderate and low flow rates, which indicates that the
primary impact on the post-synaptic glomerular tonic response is a
factor of flow rate rather than frequency. Such a concomitant
impact of sniffing flow rate and frequency was not reported by
Oka et al. [23], but they only analyzed effect of sniffing frequency
at moderate flow rate. In our study, a decrease in tonic component
amplitude was only observed for the highest sniffing frequency
(10 Hz) when using a moderate flow rate, and the main impact of
sniffing frequency was reported for the low flow rate. Our data also
showed that the spatial distribution of the tonic component
amplitude was only slightly modified by an increase in sniffing
frequency using a high flow rate, suggesting that odor spatial
representation at the OB input level is stable across the
physiological range of sniffing frequencies. Conversely, sniffing
frequency highly impacted the phasic response amplitude.
Regardless of the flow rate, the phasic component amplitude
significantly decreased with increasing frequency. The relationship
between the phasic component amplitude and sniffing frequency
(Fig. 5C) was similar to the relationship between inspiration
volume and sniffing frequency (Fig. S5), which suggests that the
sniffing-related modulation of VSDi responses largely depends on
the volume of each inspiration. The phasic component was also
affected to a lesser extent by flow rate. Even if a decrease in phasic
component amplitude with increasing sampling frequency was a
general feature of optical responses, a high flow rate helped
maintain a higher level of sampling-related modulation.
Taken together, our results suggest that both sniffing parameters
jointly affect odor-evoked responses. If increased sniffing frequency
could affect the odor-evoked tonic response at moderate and low
flow rates, a decrease could be compensated by an increased flow
rate; for example, we found that at 10 Hz, an increased flow rate
of 1000 ml/min restored the signal amplitude observed at 2 Hz.
This synergic effect of flow rate and frequency is in accordance
with electrophysiological and behavioral data [27,42].
Conclusions
Using an artificial sniffing paradigm in anesthetized rats, our
main goal was to analyze bottom-up influence of sniffing behavior
on odor representation at the OB input level. Our data
demonstrated that sniffing frequency and flow rate jointly impact
the level and the dynamic of glomerular responses. Whereas high
sniffing frequency retained the ability to shape OB activity,
increasing sniffing frequency has little impact on glomerular
response amplitude when combined with a high flow rate. In other
words, the post-synaptic representation of odors at the glomerular
level could be maintained in high-frequency sniffing if the increase
in frequency is compensated by an increase in flow rate. Such a co-
variation of both parameters has been observed in behaving rats
[21,42]. Thus an animal has the ability to combine various sniffing
parameters differently according to the odor, task and/or context.
If top-down processes may also influence OB activity in awake
animals, such sensory mechanism provides a stabilized odor
representation independent of the sniffing behavior adopted by the
animal during odor detection or recognition and may help
maintain an intensity invariance of the odor representation at the
OB input level [18]. As suggested by Schoenfeld and Cleland
Figure 4. Spatial distribution of the tonic and phasic component amplitudes as a function of sniffing frequency. Two examples of
odor-evoked maps computed from two different rats as a function of sniffing frequency. The first column shows the recorded area of the dorsal OB. In
each panel, the first row displays the spatial distribution of the odor-evoked activity computed from the early tonic responses (see material and
methods), i.e., the early-responding glomeruli. Color scale (arbitrary unit) was the same for all maps in a row. Due to dye bleaching, signal to noise
ratio sometimes decreased along the experiment leading to difference in signal amplitude between different maps. The second row displays the
spatial distribution of the phasic component amplitude. We performed a pixel-by-pixel time-frequency analysis, and for each pixel, we extracted the
maximum power of the time-frequency map in the frequency band of interest. Color scale (arbitrary unit) was the same for all maps in a row.
doi:10.1371/journal.pone.0040927.g004
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[43,44], adaptive sampling may also improve olfactory capabilities
by allowing the optimization of the deposition of odor molecules
through the olfactory epithelium. Such hypothesis agrees with data
from Oka et al. [23] showing that flow rate effect depends on the
odorant chemical properties. However, if frequency does not alter
odor representation, what is the functional role of sniffing
behavior? Increased sniffing frequency was not observed in
head-restrained models except for the first presentation of a new
odorant [25,34]. Increased sniffing frequency was observed in
freely moving rats in which the odor is actively delivered to the
animal at a precise localization [19,45]. Nevertheless, odor could
be identified in one sniff indicating that prolonged high frequency
sniffing seems not necessary for odor discrimination in such
protocol. A clear modulation of sniffing parameters has been
observed in animals that actively sample their environment [21].
Thus, this behavior could be driven by expectation or movement
toward an odor source to spatially localize the odor. A fast-sniffing
mode could facilitate odor acquisition through the odor plume
when tracking an odor source, allowing the rapid detection of fine
changes in odor concentration. Rapid sniffing could also allow
suppression of background signals, thus helping detect new
odorants [25]. Finally, the rapid repetitive sampling of inputs
could allow the bulbo-cortical network to construct perceptual
hierarchies to use in recognizing environmental odor cues [46].
Materials and Methods
Ethics Statement
Animal protocols were conducted in agreement with the French
(council directive 87848, October 19, 1987) and international
(directive 86-609, November 24, 1986, European Community)
legislation for animal experiments, and received approval from the
Lyon 1 University Ethics Committee (permission #69387473).
Care was taken at all stages to minimize stress and discomfort to
the animals.
Subjects
Male Wistar rats (Centre d’Elevage et de Recherche Janvier, Le
Genest-St-Isle, France) weighing 220–260 g were housed in
standard rat cages (polycarbonate, 49626620 cm) in a temper-
ature-controlled vivarium with a 12 h reverse light cycle (light on
at 8:00 P.M.). All rats were given access to food and water.
Surgery
Animals were anesthetized using urethane (1.5 g/kg i.p., with
additional supplements as needed). Body temperature was
maintained between 36.5uC and 37.5uC using a heating pad
and rectal probe. To control sniffing parameters, the trachea was
incised and cannulated with two tubes, a tracheal cannula leading
to the lung (Catheter Biotrol, internal diameter 1.57 mm, external
diameter 2.08 mm) and nasal cannula leading to the postnasal
cavity through the pharynx (catheter Vygon, Venolux 247,
internal diameter 0.8 mm). After double cannulation, rats were
fixed on a stereotaxic frame, and using a dental drill, the skull
overlying the dorsal surface of the OB was thinned and then
removed. The dura matter was carefully removed using a tungsten
wire.
Dye Staining
A plastic chamber (external diameter 8 mm, internal diameter
5 mm, height 1 mm) was fixed on the skull using dental cement
(Unifast Trad), and was then filled with dye solution. The dye used
was RH-1838 (Optical Imaging Inc.), which is a blue oxonol dye
shown to work well in the rat OB [28]. This dye molecule
transforms changes in membrane potential into optical signals that
occur in microseconds allowing to record neural activity with
millisecond precision [47,48]. The dye was dissolved in artificial
cerebrospinal fluid (aCSF, Phymep) until the dye-containing
Figure 5. Concomitant effect of sniffing frequency and flow
rate. A: Mean optical response as a function of sniffing frequency and
flow rate. B: Mean amplitude (6SD) of the tonic component of the
optical responses as a function of both flow rate and frequency. (*) and
(#) indicate that the amplitude of the tonic response was significantly
different for 500 ml/min and 250 ml/min, respectively. C: Mean
amplitude (6SD) of the sampling-related modulation (phasic compo-
nent amplitude) as a function of both sniffing frequency and flow rate.
doi:10.1371/journal.pone.0040927.g005
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solution had an optical density of 4–7 measured at 580 nm. The
OB was stained for 2–2.5 hr. At the end of the staining, the
chamber and olfactory bulb were rinsed, and the chamber was
filled with 1.5% agarose and enclosed with a cover glass.
Optical Imaging
The olfactory bulb surface was illuminated using an epi-
illumination system with a 630 nm interference filter for excitation
(bandwidth of 30 nm), a dichroic mirror (650 DLRP), and a
665 nm long-pass filter for emission. Images were acquired using a
commercial brain imager (imager 3001/M, Optical Imaging Inc.)
mounted on a tandem photo lens system (Nikkor 50 mm, f = 1.2
and Nikkor 135 mm, f = 2), leading to a 2.7x magnification.
Images were spatially binned 464 (final pixel size 20620 mm) and
digitized at 160 Hz. Each trial consisted of two consecutive blocks
of images (5 sec) triggered on the rat’s tracheal respiration, the C0
control block and the C1 test block. During C0, neither airflow
nor odorant stimulation was applied through the nasal cavity
during OB imaging. During C1, the odor was applied through an
artificial sniff as described below. For each condition, five trials
were averaged to increase the signal-to-noise ratio.
Electrophysiological Recordings
Bulbar activity was recorded as a broadband signal (0.1 Hz to
5 kHz) using 16-channel silicon probes (NeuroNexus Technolo-
gies, Ann Arbor, MI) and a homemade 16-channel DC amplifier
(gain 1000x). The 16-channel silicon probes were placed to ensure
the ability to record the maximum LFP amplitude of the granular
cell layer. The granular cell layer was located by the LFP
waveform, as described by Buonviso et al. [12]. Recordings were
performed in the whole antero-posterior axis of the OB. Data were
digitally sampled at 20 kHz and acquired with a PC using a
National Instrument acquisition card (BNC-2111).
Odor Stimulation
Odors (isoamyl acetate (ISO), 2-heptanone (K07), hexanal
(D06), and ethyl butyrate (BUT), Sigma Aldrich, Fluka) were
delivered to the front of the animal’s nose using a custom-built
flow dilution olfactometer with a concentration of ,5.10-2 of
saturated vapor and at a rate of 1 L/min. The recording protocol
was as follows: 2 s of pre-stimulus recording, 2 s of olfactory
stimulation recording and 1 s of post-stimulus recording. For LFP
experiments, the recording period consisted of 2 s of pre-stimulus
recording, 5 s of olfactory stimulation recording and 1 s of post-
stimulus recording. The time delay between each odor presenta-
tion was at least 2 min.
Imposed Nasal Airflow Protocol
To simulate respiratory cycles, we used a homemade apparatus
that allowed the reproduction of both inhalation and exhalation
phases [13]. To study the influence of airflow variation, we chose
to impose three nasal airflow rates: low (250 ml/min), moderate
(500 ml/min) and high (1000 ml/min). We also varied the
sampling frequency by using values of 1, 2, 4, 6 or 10 Hz and a
continuous nasal airflow (referred to as 0 Hz in the experiments)
(Fig. S2). These flow rates and sampling frequencies corresponded
with the physiological range of rats [21,49]. The respiratory cycle
simulator was triggered by the start of data acquisition.
Animal respiration was measured by a sensor placed in front of
the tracheal cannula (Fig. S2). Actual airflow circulating through
the nasal cavity was measured by a second sensor placed at the
entry of the nostril. We used fast response time airflow sensors
(bidirectional micro bridge mass airflow sensor, AWM 2000 series,
HoneywellH). This setup has been previously described in detail
[29].
Data Processing
Data processing was performed using OpenElectrophy open-
access homemade software [50]. OpenElectrophy is open source
and freely available for download at http://neuralensemble.org/
trac/OpenElectrophy. All signals and epochs (i.e., with or without
odor) were stored in an SQL database.
Optical data processing. For each trial and pixel, the frame
average over the first 200 ms was defined as the baseline
fluorescence (F). This value was used to convert raw images to
images that corresponded with the relative changes in fluorescence
(DF/F). The optical signal was then detrended to eliminate
fluorescence decrease due to bleaching.
Odor-evoked maps were computed after averaging five
consecutive trials and low-pass filtering of the resulting signal (0–
20 Hz). Maps were defined as the difference between the odor
stimulation period and one-second pre-stimulus period. One to
three different regions of interest (ROI) were defined for each
odor. They corresponded to early-responding glomeruli (the first
50 ms after odor presentation) using a 2 Hz sniffing frequency and
1000 ml/min flow rate. These ROIs were used to compute the
optical signal time-course for all other frequencies and flow rates.
The amplitude of the tonic component (see Fig. 1) of each
computed optical response was defined as the maximum
fluorescence increase.
Analysis of the optical signal dynamics. Superimposed
onto the tonic component, the VSDi signals also presented a
phasic component linked to sniffing rate [28]. To preserve both
time and frequency information, we used a time-frequency
representation (TFR) based on a continuous wavelet transform.
TFRs were constructed during the spontaneous and odor-evoked
activities for each sniffing condition. Optical signals had no unit as
they corresponded to relative changes in fluorescence (DF/F). In
consequence, time-frequency power was expressed in arbitrary
unit. To access the amplitude of the sniffing-related component,
the maximum TFR power in each sniffing band of interest (i.e., 1,
2, 4, 6 and 10 Hz) was detected. This maximum was also detected
in each sniffing band of interest in the 0 Hz (continuous flow rate)
condition. This condition was used to evaluate the frequency
content of the tonic component response. Then, the mean
(6SEM) of the VSDi sniffing-related modulation was calculated
and compared with the mean of the 0 Hz condition (e.g., the
maximum value detected in the 2 Hz frequency band for the trial
using a 2 Hz artificial sniffing frequency was compared with the
maximum value detected in the same frequency band for the trial
using a 0 Hz artificial sniffing frequency). This allowed us to
determine the presence or absence of sniffing-related modulation.
The spatial distribution of the respiratory-related modulation
was analyzed using a pixel-by-pixel time-frequency analysis. For
each pixel, we extracted the maximum power of the time-
frequency map in the frequency band of interest. For example, for
a 2 Hz sniffing frequency, we computed the time-frequency
representation at each point and plotted the maximum power at
2 Hz (60.1 Hz). These values were used to represent the dorsal
OB sniffing modulation map.
LFPs analysis. LFPs were analyzed after band-passing the
signal at 0–200 Hz. Then, the TFR of the LFP signals were
computed to visualize the sniffing-related modulation amplitude.
The TFR was computed using the same parameters as the optical
responses, and the presence of a phasic component was evaluated
by comparing the sampling-related modulation amplitude in each
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frequency band of interest with the frequency content of the 0-Hz-
evoked response (see above).
Statistical Analyses
Data from 20 rats were included in data analysis for a total of
536 recordings. To analyze the maximum signal variation, a two-
way analysis of variance (ANOVA) was used with flow rate
(250 ml/min vs. 500 ml/min vs. 1000 ml/min) and frequency
(0 Hz vs. 1 Hz vs. 2 Hz vs. 4 Hz vs. 6 Hz vs. 10 Hz) as factors.
Partial ANOVAs and Student-Newman-Keuls post hoc tests
complemented the analysis when appropriate. The threshold for
rejecting the null hypothesis was 0.05. For sniffing-related
modulations, each maximum value detected in the frequency
band of interest was compared with the maximum value detected
in the same band for the 0 Hz condition using a one-way ANOVA
with the sniffing frequency (0 Hz vs. 1 Hz; 0 Hz vs. 2 Hz; 0 Hz vs.
4 Hz; 0 Hz vs. 6 Hz; and 0 Hz vs. 10 Hz) as factor.
Supporting Information
Figure S1 Nasal airflow measurements. Examples of
imposed airflow recorded at the nostril entrance (see figure S2)
at different frequencies and flow rates. The actual sniffing
frequency through the nostril perfectly fitted with imposed
sampling, and the actual flow rate remained proportional to the
imposed flow rate across the entire frequency range.
(TIF)
Figure S2 Description of the experimental paradigm.
Airflow through the nose was imposed via the nasal cannula
allowing to mimic rat sniffing behavior. As in previous
experiments in freely breathing rats [12,15], odor was delivered
in front of the nostril via a custom-built olfactometer. Odor
sampling was imposed by nasal airflow. Airflow circulating
through the nasal cavity was measured by a sensor placed at the
entry of the nostril. Such device did not allow to record absolute
flow rate because airtightness around the nostril was not total.
Nevertheless, airflow measurement was directly proportional to
absolute airflow [29].
(TIF)
Figure S3. Amplitude of the sampling-related modula-
tion. A: Distribution of the averaged amplitude (6SD) (gray bars)
of sniffing related modulation for VSDi signals according to
sniffing frequency. Averaged values were computed from all raw
time-frequency representations from which the maximum power
in each frequency band of interest was extracted. The open bars
correspond to the frequency content in each frequency band of the
tonic response evoked by continuous flow (0 Hz, n= 59) in the
nasal cavity. The phasic component amplitude of optical responses
was significantly larger than the frequency content of the tonic
component for 1 Hz (n= 65), 2 Hz (n = 151), 4 Hz (n= 123), and
6 Hz (n= 75) but not 10 Hz (n= 63) (see main text). B: Similar
results were obtained for the LFP recordings, excluding the 10 Hz
imposed frequency, which remained able to induce a phasic
component significantly higher than the 10 Hz tonic component
content (F(1,72) = 41.1, P,0.0001).
(TIF)
Figure S4 VSDi signal modulation at a 10 HZ sniffing
frequency. An example of a raw signal (left) that exhibited a
sniffing related modulation at a 10 Hz sampling frequency. This
modulation was confirmed by the time-frequency representation
(right). Time-frequency power (arbitrary unit) is color-coded. It
should be noted that this optical signal has a high signal-to-noise
ratio (around 1%).
(TIF)
Figure S5 Relationship between sampling frequency
and inspiration volume. The inspiration volume for each
breathing cycle was directly proportional to the sampling
frequency. Theoretical volumes were normalized relative to the
inspiration volume at a 1 Hz sniffing frequency and 1000 ml/min
flow rate.
(TIF)
Table S1 Tonic component amplitude as a function of
sniffing frequency and flow rate. Mean 6 SD of the tonic
component amplitude computed as a function of sniffing
frequency and flow rate. Number of signals in each group is
indicated between brackets.
(DOC)
Table S2 Phasic component amplitude as a function of
sniffing frequency and flow rate. Mean 6 SD of the phasic
component amplitude computed as a function of sniffing
frequency and flow rate. Number of signals in each group is the
same than in table S1.
(DOC)
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